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For the 7000 series aluminum alloys in the over-aged condition it was

concluded that: (1) the CF methodology is adequate for both crack initiation and

crack propagation, (2) no significant synergistic effect between loading and
environment was observed; hence, strain-controlled data and da/dN versus !K data
required to iplement the methodology can be acquired at a fast frequency, (3)
the effect of environment on both CF crack initiation and CF crack propagation
can be "scaled", (4) no special crack growth models are required to account for
the effect of environment on da/dN versus aK, (5) existing load-interaction models
do not apply to all load spectra irrespective of the loading sequences, multiple

overloads, number of loading cycles, (6) the load retardation is independent of
the environment, and (7) the effect of specimen preconditioning(pretesting and
presoaking in 3.5% NaCl solution) was more pronounced for C7 crack initiation
than for crack propagation.

CF crack propagation predictions correctly predicted the trends in the
experimental data and correetly ranked the predictions in order of spectrum
severity. Predictions in general did not agree with the average test results.
This lack of correlation is attributed mainly to an inadequate load-retardation
model rather than a problem with the CF analysis methodology. The CF methodology
should also apply to 7000 series alloys in the peak-aged condition providing the
strain-life data and the da/dN versus K data are acquired at the lowest frequency
expected in service.

The effect of frequency on fatigue crack growth in a beta
annealed Ti-6A1-4V alloy in a 3.5% NaC1 solution at room temperature was investigated.

Details are documented in Volume V and highlights are suiarized in this Volume (III).
It was concluded that: (1) crack growth rates strongly depend on frequency and K
level, (2) crack growth enhancement appeared to result from the formation and rupture

. of a hydride phase, (3) the environment can also interact with the applied load to
influence the crack growth retardation, (4) the spectrum load fatigue life is
expected to be a complex function of frequency, load level and load sequence,
(5) a prohibitively large amount of data would be recuired to make life predictions
using one of the available cycle-by-cycle procedures and (6) novel procedures should

be developed which incorporates the combined load/environment interaction effect

on CF crack propagation predictions.
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FOREWORD

This program was conducted by General Dynamics, Fort

Worth Division (under NADC Contract N62269-81-C-0268) with

Lehigh University (Dr. R. P. Wei) as a subcontractor/consult-

ant. The program was sponsored by the Naval Air Development

Center, Warminster, PA, with Mr. P. Kozel as the project

engineer. Dr. S. D. Manning of General Dynamics, Fort Worth

Division, was the Program Manager/Principal Investigator and

Dr. R. P. Wei of Lehigh University was a co-investigator.

Several General Dynamics personnel supported the Phase

II effort as follows. D. E. Gordon coordinated the overall

testing effort, procured specimens, performed the strain-

controlled and the constant amplitude tests, eddy current

inspections, fractographic evaluations, data analyses, and

documentation. S. B. Kirschner coordinated the dog-bone

specimen spectrum tests and performed fractographic evalua-

tions and data analyses. Dog-bone specimen spectrum tests

and specimen dimensional checks were performed by R. 0. Nay.

Corrosion fatigue testing support was provided by F. C.

Nordquist, J. W. Hagemayer and H. C. Hoffman. S. D. Forness

developed the test tapes for the F-18 load spectra, performed

preliminary strain life analyses and contributed to the

strain life computer program implementation. The strain life

computer software was implemented by J. W. Norris and the

final strain life analyses were performed by W. W. Robbins.
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Crack growth analyses were performed by J. B. Heckel, R. Roach

and L. E. Brubaker. Technical support was also provided by

J. W. Morrow, Dr. J. H. Chung, B. J. Pendley and P. D. Hudson.

This report (Volume III) documents the Phase II technical

effort and includes the final summary, conclusions and recom-

mendations for the program. The following reports (NADC-83126-60)

were also prepared under the Phase II effort:

o Volume IV - Phase II Test and Fractographic

Results

o Volume V - Corrosion Fatigue Cracking Response of

Beta-Annealed Ti-6AL-4V Alloy in 3%

NaCI Solution
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SECTION I

INTRODUCTION

Metallic airframes must be designed to resist "corrosion

fatigue" (CF) in service, to assure, with a high degree of

confidence, that the airframe will have a useful service life

and can be economically maintained. Carrier-based aircraft

are particularly susceptible to corrosion fatigue due to the

wide range and severity of operating loads and environments

(e.g., 3.5% NaCI, stack gases, acid rain, etc.).

Airframes contain literally thousands of fastener holes

and service experience has shown that mechanically-fastened

joints are very susceptible to fatigue cracking in service

[1-61. Furthermore, mechanically-fastened joints are parti-

cularly prone to corrosive attack as skin protective coatings

ana tastener plating break down from the fretting action due

to relative motion occurring in the loaded fasteners and

holes. Removing fasteners for airframe maintenance and

repairs can also lead to surface scratches around fastener

holes which may break through the protective coating and

expose the surface of the metal to corrosive attack. Also,

fasteners may loosen in service.

Foreign material and moisture can enter a mechanically-

fastened joint between the fastener and hole surface by

b ..
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capillary action. This can ultimately cause galvanic cor-

rosion. After prolonged operation, severe pitting and exten-

sive exfoliation can also occur in mechanically-fastened

joints. Corrosion preventative maintenance is required to

minimize the deterioriating effects of the environment on the

airframe during its service life. Such maintenance is not

only costly and time consuming but it also effects the opera-

tional readiness of the fleet.

Reliable methods are required to design mechanically-

fastened joints in metallic airframes to resist corrosion

fatigue and to analytically assure, with a high degree of

confidence, that a specified service life can be attained

in service. The Navy has design requirements for airframe

strength and life (7-15]. Various methods have been de-

veloped to acquire corrosion fatigue design data for mechan-

ically fastened joints (e.g., 161. Analytical tools for

predicting the time-to-crack-initiation (TTCL) and tlme :o

failure (TTF) in mechanically-fastened joints have also been

developed. However, further improvements in the testing and

predictive methodology are needed to unify the corrosion

fatigue methodology and to increase confidence in its

le application.

The corrosion fatigue of mechanically-fastened joints is

a complex problem for several reasons. Various aspects are

discussed below:

1. 2
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I. Corrosion fatigue behavior involves the synergistic

effects of mechanical, metallurgical and environmental fac-

tors. Such factors must be accounted for when characterizing

the corrosion fatigue behavior of mechanically-fastened

joints and in the corrosion fatigue predictive methodology.

2. It is very difficult to realistically define the

-ected service loads, environments and their extremes

for carrier-based aircraft during the design stage. Also,

there are an infinite number of possible loading and envir-

onment combinations that could be encountered in service.

A more realistic definition of actual service loads and

environments may be possible only after considerable in-

service experience.

3. Even if the service loads and environments could be

accurately aetinea during the design stage, such information

must ultimately be translated into suitable corrosion fatigue

test requirements. Real-time tests of expected service load/

environment combinations are not practical due to the prohib-

itive test costs and test times. Therefore, simplified cor-

rosion fatigue tests are required to cover different mechan-

ically-fastened joint variables and configurations that may

be encountered at different airframe locations.

4. There are many variables to consider when setting up

3
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the test plan for acquiring corrosion fatigue design data

(e.g., 17-21]. For example, such variables include load

spectra, environment (e.g., dry air, 3.5% NaCi, etc.), stress

level, loading frequency, stress ratio, hold-time, fastener

type/fit, amount of fastener load transfer, temperature,

material, specimen geometries, specimen preconditioning,

protective coatings, duration of environmental exposure, etc.

The number of test variables need to be minimized to reduce

test costs and to focus attention on those variables with the

most significant effect on the corrosion fatigue behavior of

mechanically-fastened joints.

5. Corrosion fatigue test results for the TTCI and

crack propagation typically exhibit considerable scatter. A

suitable number of tests must be selected to acquire statis-

tically valid data. Also, the scatter in the corrosion fati-

gue design data must be accounted for when making fatigue

life predictions for mechanically-fastened joints.

6. Corrosion fatigue behavior may vary for different

materials and for different combinations of variables. For

example, the corrosion fatigue behavior of the 7075-T7651

aluminum alloy is considerably different than the beta

annealed 6A1-4V Ti alloy. Moreover, the corrosion behavior

of different aluminum alloys may vary. This complicates the

selection and ranking of the most appropriate combination of

material, fastener system and protective coating for mechan-

* 4
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ically-fastened joint design.

7. Corrosion fatigue tests and testing methods have not

been standardized for acquiring design data. Hence, much of

the existing corrosion fatigue data currently available from

various aircraft development programs are not compatible. As

a result, a new series of corrosion fatigue tests are requir-

ed for each aircraft procurement. This is costly and time-

consuming. Standardized corrosion fatigue tests, methods and

data are needed to provide applicable data for different

aircraft systems and to minimize the number of additional

corrosion fatigue tests required.

8. Mechanically-fastened joints are usually designed

for corrosion fatigue using the expected operating service

loads and environments, suitable corrosion fatigue design

data/test results, appropriate corrosion fatigue analysis

methods and engineering 3udgement/experLence. Elaoorate

corrosion fatigue tests and strict manufacturing/quaiity

controls can be used to produce the best airframe possible.

However, the real test of structural performance and fatigue

life can be obtained only from actual service experience.

Hopefully, corrosion fatigue problems that are "hell-to-fix"

can be minimized.

The main objectives of this program are to:

5



NADC-83126-60-Vol. III

1. Develop and verify an analytical methodology for

predicting the TTCI and crack propagation life of mechan-

ically-fastened joints in a corrosive environment.

2. Develop corrosion fatigue test/data-acquisition

methods and guidelines for acquiring statistically-valid data

needed to implement the analytical methodology.

3. Study the effects of various factors on the cor-

rosion fatigue behavior of mechanically-fastened joints.

The Phase I effort, documented in Volumes I and II

[6, 22], was concerned with three tasks as follows:

o Task 1 - Methodology and Data State-of-the-Art

Assessment

o Task 2 - Methodology Development

o Task 3 - Test Plan Development

In Phase I, the existing corrosion fatigue analysis

methods were reviewed, the effects of various variables

(i.e., stress level, R-ratio, loading frequency, environment

hold-time, etc.) on TTCI and crack growth were experimentally

investigated and evaluated for two different materials

(7075-T7651 aluminum alloy and beta-annealed 6A1-4V Ti

6
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alloy), and a test plan was developed for the Phase II

effort. The most suitable corrosion fatigue analysis methods

for predicting the TTCI and crack propagation for mechanic-

ally-fastened joints were recommended in Phase I for evalua-

tion in Phase II. Constant amplitude corrosion fatigue data

was acquired under the Phase I effort.

The objectives of the Phase II effort were to: (1)

develop and evaluate suitable experimental methods and speci-

mens for acquiring corrosion fatigue data for mechanically-

fastened joints, (2) acquire corrosion fatigue data needed to

implement the predictive methods recommended under Phase I,

(3) evaluate the effectiveness of the CF analysis methodology

for predicting the fatigue life of mechanically-fastened

joints under the spectrum loading, and (4) evaluate the

effects of various factors (e.g., loading frequency, R-ratio,

stress level, load transfer, load spectra) on the TTCI and

crack propagation in mechanically-fastened Joints. This

report (Volume III) documents the Phase II effort.

In Phase I, it was found that the corrosion fatigue

behavior of the beta-annealed 6A1-4V titanium alloy was very

complex [22]. For this reason, the Phase II effort was

mainly concerned with the demonstration and evaluation of the

corrosion tatigue methodology for 7075-T7651 aluminum. In

Phase II, the beta-anneaied 6Al-4V titanium alloy investiga-

tions were limited to the development of a better understand-

7
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ing of the corrosion fatigue crack growth mechanisms and the

effects of loading frequency were emphasized (23].

Since corrosion fatigue is a complex problem, continuing

research is necessary to advance the CF test and analysis

methodology state-of-the-art. This program provides one of

the steps in this development process.

8
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SECTION II

PHASE I I TEST PROGRAM

2.1 INTRODUCTION

Essential elements of the Phase II test program are

described in this section, including the test objectives,

test variables considered, specimen geometries, test matri-

ces, test setup and procedures, etc. A more complete des-

cription of the Phase II experimental work and test results

are presented in Volume IV [24].

2.2 PHASE II TEST OBJECTIVES

The main objectives of the Phase II test program were

to:

1. Develop and evaluate suitaDle experimental methods

and specimens for acquiring corrosion fatigue data for

mechanically fastened joints (Task 4).

2. Acquire statistically-valid corrosion fatigue data

needed to implement and "tune the corrosion fatigue analysis

methodology for spectrum loading applications (Task 5).

3. Provide statistically-valid experimental data for

9
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evaluating the effects of various factors (e.g., loading

frequency, R-ratio, stress level, loaa spectra, and percent

bolt load transfer) on the time-to-crack-initiation (TTCI)

and time-to-failure (TTF) in fastener holes (Task 5).

4. Provide key experimental results for Ti-6AI-4V alloy

for developing a better understanding of basic mechanism and

the effects of loading frequency on fatigue crack growth

(Task 5).

5. Provide corrosion fatigue test results for crack

initiation and crack growth in fastener holes that can be

used to evaluate the accuracy of analytical methodology

described in Volume I [3] (Task 6).

2.3 SPECIMEN AND TEST MATRICES

The corrosion fatigue test program for Phase 11 included

253 test specimens as shown in Table 1. Three basic specimen

geometries were used (ref. Figs. 1-3). A summary of the test

variables used in Phase II are summarized in Table 2.

The test matrix for the experimental methodology devel-

opment effort is shown in Table 3. Tests performed under

Task 5 are presented in Tables 4, 5 and 6 for strain-con-

trolled tests, for Ti-6A1-4V compact tension tests, and

10



--

Fig. 5 Test Setup for No-Bolt Load Transfer
Dog-Bone Specimen Tests
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tension specimens (Fig. 2). The strain-controlled and the

compact tension tests for the titanium alloy are documented

in Volume IV, Appendix A [24 and Volume V [23], respectively.

2.4.2 No-Load Transfer Dog-Bone Specimen Tests

Dog one specimens (Fig. 3) of 7075-T7651 aluminum were

tatigue tested. The test setup for the no-load transfer

specimen tests is shown in Fig. 5. Details of the environ-

mental chamber used for the no-load transfer tests are shown

in Fig. 6. Both desiccant (for dry air environment) and 3.5%

NaCl solution could be placed in these chambers. The envir-

onment chamber system shown was used for both constant ampli-

tude and spectrum fatigue tests in Phase II.

2.4.3 Load Transfer Dog-Bone Specimen Tests

The test setup for the load transfer tests are shown in

Figure 7. The environmental chamber was an integral part of

the loading bar used to transmit load directly from the ram

to the bolt. Details of the chamber are shown in Figure 8.

Either desiccant crystals (dry air) or 3.5% NaCl solution

could be added to the chambers.

Test spectrum loads were simulated using a haversine

wave form for positive-to-zero loads and for zero-to-negative

loads. This provided a short dwell time at zero load for

23
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TABLE 8 CODING SYSTEM FOR DESCRIBING TESTS

ITEM CODE

Type Test or Spectrum o CA a Constant Amplitude Test

o SC a Strain-Controlled Test

o A a F-16 400 Hr. (Hi-Lo Block)

o 5 a ?-18 300 Hr. (Random)

o C a F-18 300 Hr. (Hi-Lo Block)

Stress Level o 28, 30, 32, 34 ksi

(ksi, gross)

Bolt Load Transfer o 20 or 40 (Follows stress level

if applicable)

Spectrum Loading o F a Fast (8000 flt hrs/2 days)

Frequency o S a Slow (8000 flt hrs/16 days)

o A - XSlow (8000 tlt hrs/90 days)

Environment o 0 - Dry Air @ R.T.

o W a 3.51 NaCl Solution @ R.T.

Bolt in Hole o 8 - Solt in Hole (Noted for

0% LT Tests)

ireconditioning a PC a Specimen Preconditioned

(Pretested and Soaked in

3.5% MCI Solution

examples:

(I) A-21/F/V * I7-L6 400 8r. Spectruam 23 kal

(gross) stress on test sectiont

fast loading frequencyl 3.5t

MCl environment

(2) A-28/20/8/0/6/PC r-16 400 Mr. Spectrum, 29 ksi

(gross) stress on test section,

20% bolt load transfeelr slow

loading frequencys dry airy bolt

in Hole speCtmen preconditioned
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for dog-bone specimen tests, respectively. Forty-six dog-

bone specimens were tested under Task 6 as indicated in

Table 7. Test conditions were described in a coded format to

concisely define the test variables (Table 8).

2.4 TEST SETUPS AND PROCEDURES

Test setups for the different types of tests performed

under Phase II are described in this section, including

a brief summary of experimental procedures. Details are

given in Volume IV 1241 and V [23].

2.4.1 Strain-Controlled Tests

The test setup for the strain-controlled tests is shown

in Fig. 4. Essential elements of the test include: specimen

(Fig. 1), MTS machine with hydraulic grips, environmental

chamber, environment (dry air simulated by desicant; 3.5%

NaCl solution), two-inch modified MTS ext<nsometer, and

instrumentation.

Beta-annealed Ti-6A1-4V was also tested but tests were

limited to smooth un-notched specimens (Fig. 1) and compact

19
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TABLE 4 STRAIN-CONTROLLED TESTS FOR TASK 5

DATA ENVIRONMENT NO.

LOADING MATERIAL TEST I.D. SET FREQUENCY SPECIMENS
NO. DRY 3.5% NaCI TESTED

Constant 7075-T7651 SC/D/A 72 X - VARIABLE 22

Amplitude 7075-T7651 SC/W/A 73 - X VARIABLE 23

R--i)
Ti-6AI-4V SC/D/T 82 X - VARIABLE 18

Ti-6AI-4V SC/D/T 83 - X VARIABLE iI

74

V

TABLE 5 Ti-6A1-4V ALLOY CRACK GROWTH TESTS FOR TASK 5

K LEVEL ____ NO. SPECIMEN
SPECIMEN MATERIAL ENVIRONMENT L LEE HIHTSED

i •LOW 

' i .D HIGH TESTED

Ti-6Al-4V x 2

Oxygen (Ref.)

-I fJ x - - I
I tnL" 3.5% NaCl - X - 1
Ti-6A-4V - X i

9

Notes: I. Ref. Volume I [22] for tests in vacuum.

2. Ref. Volume V D4] for testing details and results.
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TABLE 2 PHLASE II TEST VARIABLES

MATERIAL o 7075-T7651 ALUMINUM ALLOY
o Ti-6A1-4V ALLOY

ENVIRONMENT o DRY AIR
o 3.5% NaCi SOLUTION

TYPE LOADING o STRAIN-CONTROLLED
o CONSTANT AMPLITUDE

LOAD SPECTRA o F-16 400 HR. (HI-LO BLOCKS)
o F-18 300 HR. (RANDOMIZED)
o F-18 300 HR. (HI-LO BLOCKS)

LOADING FREQUENCY AND o CONSTANT AMPLITUDE (0.3 Hz TO 20 Hz)
- HOLD TIME o SPECTRUM (FAST, SLOW, X-SLOW)

o HOLD TIME (0 s TO 2.33 s)

TEST SPECIMENS o UN-NOTCHED AXIAL (STRAIN-CONTROL)
o COMPACT TENSION
o DOG-BONIE WITH CENTER HOLE

FASTENER HOLE o OPEN (W/O BOLT)
o WITH BOLT

BOLT HOLE FINISH o POLISHED

BOLT TYPE o STEEL PROTRUDING HEAD (CAD-PLATED)
(e.g., NAS 6207)

BOLT LOAD TRANSFER o 0% LT
o 20% LT
o 40% LT

STRESS LEVEL o BASELINE STRESS
o OTHER

SPECIMEN PRECONDITIONING o NONE
o PRETEST AND PRESOAK IN 3.5% NaCI

15
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2.000

(Gr P)

a 0.625' (Lacquer coating)

R -2.00"

2.00"
(Grip)

U Fig. 1 Strain-Controlled Specimen
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TABLE 1 TEST SPECIMEN MATRIX FOR PHASE II

- -SPECIMEN NO. OF SPECIMEN
-. .MATERIAL

CONFIGURATION TYPE TASK 4 TASK 5 TASK 6

7075-T7651 5 45 0 50
S-C

(Fig. 1) Ti-6AI-4V 1 29 0 30

CT Ti-6AI-4V 0 9 0 9

(Fig. 2)

Z- n NLT 7075-T7651 23 90 0 113
*(Fig. 3)

LT 7075-T7651 2 3 46 51
IL (Fig. _

31 176 r46 253

NOTES:

Task 4 - Experimental Methodology Development & Evaluation

Task 5 - Acquisition of Data for Prediction of Environ-
mentally-Assisted Crack Growth in Aircraft Joints

Task 6 - Prediction Methodology Evaluation and Verifi-

cation

S-C - Strain-controlled

CT - Compact Tension

NLT - No Load Transfer (through the fastener)

LT - Load Transfer (through the fastener)

* Results are documented and evaluated in Volume V[23].

5., .. ,.+. .. +..... .. : ... ..... .. . .... . .. . .. .. ..
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1/4" Dia hole

1.75
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eddy-current
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* •

I * , e

- "2.5" 3"
0 -Ring
MS 9386-153

Plexiglass chamber

, Fig. 6 Environmental Chamber Used for NO - Load Transfer
Dog-Bone Tests
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S1

Fiq. 7 Test Setup for Solt Load Transfer Doq-Bone
Specimen Tests
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those cases where the load was changing from positive to

negative. The dwell time duration decreased as the loading

frequency was increased. This simulation method for the

spectrum loading was used to minimize the "hammering" action

between the clearance-fit bolt and the fastener hole.

2.5 SPECIMEN PRECONDITIONING

Specimen preconditioning was used to complement the

AGARD program effort [16 ]and to further evaluate the effects

of preconditioning on the time-to-crack-initiation and crack

growth in fastener holes.

Selected dog-bone specimens from Tasks 4 and 5 were

preconditioned as follows:

1. One block of the F-16 400 hour block spectrum was

applied to the test specimen in lab air at a maximum spectrum

stress of 28 ksi (i.e., peak load in spectrum produces 28 ksi

stress on gross section of test specimen).

2. The specimen was then soaked in a 3.5% NaCl solution

at room temperature for 72 hours.

3. Specimens were then cleaned and dried using the

procedure described in AGARD report 695 [16].

28
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2.6 LOAD SPECTRA

Three test spectra were used in the Phase II testing of

7075-T7651 aluminum alloy dog-bone specimens: (1) F-16 400

hour (hi-lo block), (2) F-18 300 (random) and (3) F-18 300

hour (hi-lo block). Details of these spectra are discussed

in Appendix H of this report (Vol. III) and Volume IV [24].

The three load spectra are compared in Appendix H, including

maximum-minimum percent loads versus number of load points

or load cycles and load exceedances for selected % maximum

load.

29
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SECTION III

EXPERIMENTAL METHODOLOGY

DEVELOPMENT AND EVALUATION

3.1 INTRODUCTION

Experimental procedures were developed and verified

under Task 4 for acquiring data used in Tasks 5 and 6. Test

specimen, environmental simulation chambers, test procedures,

stress and strain levels and methods for acquiring the time-

to-crack-initiation and crack growth data were verified under

this task. Procedures were established for: (a) strain

controlled tests, (b) no-load transfer (dog-bone specimen)

tests, and (c) load transfer (dog-bone specimen) tests.

These separate procedures will be discussed in this section.

3.2 STRAIN CONTROLLED T1 STS

Experimental procedures were established for obtaining

strain-controlled data in both dry air and 3.5% NaCl environ-

ments. The strain-controlled data was needed to implement

the strain life approach for making time-to-crack-initiation

(TTCI) predictions for mechanically-fastened joints.

31



P NADC-83126-60-VOL. III

Strain controlled experimental procedures were developed

in three stages: (1) calibrate strain-controlled specimen and

ram loading; (2) evaluate environmental simulation methods;

and (3) verify the time-to-crack initiation (TTCI) acquisi-

tion method. Elements of the experimental methodology

development are described in Fig. 9. Experimental procedures

are described in Vol. IV 241. Since the same experimental

procedures developed for the aluminum alloy worked equally

well for the titanium alloy, only one titanium specimen was

needed for Task 4 and it was used to conduct a strain survey.

3.2.1 Calibration of Strain-controlled Specimen

Strain surveys and strain-controlled specimln calibra-

tion tests were conducted to experimentally determine the

relationship between ram load, axial strain and axial defor-

mations (over 2.00" gage length). The test setup is shown in

Fig. 10. Four axial strain gages and an extensometer were

mounted on the calibration specimen as shown in Fig. 11.

The instrumented specimen shown in Fig. 10 was

statically loaded in tension and compression using a selected

range of loads. Strain and extensometer measurements were

taken at selected load levels. Typical results are presented

in Appendix A, Vol. IV, for the 7075-T7651 aluminum alloy.

32
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Fig. 11 Strain Gage Locations for Strain-Controlled
Specimen
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Calibration curves for 7075-T7651 aluminum alloy and

Ti-6AI-4V alloy, respectively, were used to select exten-

someter voltages to obtain a specified strain value in the

Task 5 experiments. The shape of the calibration curves were

similar for both beta-annealed Ti-6AI-4V and 7075-T7651

aluminum alloys.

3.2.2 Environmental Simulation

Two different environments were considered in the Phase

II testing: dry air and 3.5% NaCl solution, both at room

temperature. Dry air conditions were simulated by placing

desiccant crystals in the environmental chambers before

testing. The salt water solution for the Phase II tests was

prepared by dissolving reagent grade NaCl in triply-distilled

water. The average solution pH was about 6.5 over the dura-

tion of eacn test. All Phase II salt water tests were per-

formed in a constant immersion environment with periodic

changing of the 3.5% NaCl solution to keep the solution

fresh. The environmental chamber used for both dry air and

3.5% NaCl solution is shown in Fig. 4, and further details

are given in Volume IV [241.

36
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3.2.3 Establishing TTCI Acquisition Methods

Early monitoring of experimental methodology specimens

was accomplished with eddy current techniques. These tech-

niques, used in fastener hole inspections, are described in

Volume I [221. For surface inspection, an eddy current pencil

probe (NDT Product Engineering, MP-20 micro-probe) was used to

inspect for early fatigue cracks in the reduced section of the

specimen. Since scanning had to be performed manually instead

of automatically, there was some loss of sensitivity. This

monitoring was compared to crack detection as observed from

the decrease in maximum tensile load with cycling. The

decrease in the maximum tensile load, due to load shedding,

was found to be more sensitive than eddy current techniques

for determining macroscopic crack initiation. Therefore, the

load shedding technique was used to determine the TTCI for

Tests under Task 5 (Ref. Table 4) for both 7075-T7651 aluminum

alloy and beta-annealed Ti-6A1-4V.

In the 7075-T7651 aluminum alloy material, after the

first few cycles, the maximum tensile stress remained rela-

tively constant until a fatigue crack was initiated. A

calibration curve was established between the decrease in

maximum tensile stress and crack depth. After tensile stress

decreases of different percentages were observed during

fatigue testing, specimens were then overloaded in tension to
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failure. Fatigue crack sizes were then measured. Detailed

test results are shown in Appendix A of Volume IV [241 and

these results are evaluated in Appendix A of this Volume

(III) for strain-life analysis applications. Cycles to crack

initiation for test specimens in Task 5 were defined in terms

of cycles completed before a 2% drop in maximum tensile

stress occurred.

Cyclic softening occurred in the beta-annealed

Ti-6A1-4V alloy at higher strain amplitudes. Both the

maximum tensile stress and compressive stress decreased as a

function of cycling. The percentage decrease in maximum

compressive stress was used to measure cyclic softening

occurrence and thus allows the effects of "load shedding"

and cyclic softening to be separated in the measurements of

maximum tensile stress. The onset of a 0.010" deep fatigue

crack was defined as the number of cycles when the maximum

tensile stress showed a 2% greater decrease than the maximum

compressive stress.

3.3 DOG-BONE SPECIMENS

Experimental procedures were established for obtaining

TTCI, TTF-TTCI, and TTF data in both dry air and 3.5% NaCl

environments. Procedures were developed in three stages: (1)

develop test methods that could be used in spectrum and con-

stant amplitude testing in Tasks 5 and 6, (2) evaluate envir-
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predictions under Phase II of this program.

2. Study the influence of various factors (e.g., R

ratio, loading frequency and environment) on the Paris and

Forman crack growth model parameters.

3. Determine if (da/dN)cf in the superposition model

proposed by Wei et al [271 , Eq. B-3 in Appendix B of this
2

Volume (III), depends on (AK) or not.

4. Details of the studies described above, including

conclusions and recommendations are given in Appendix B.

4.4 DOG BONE SPECIMEN TEST RESULTS

Test results for 7075-T7651 aluminum dog bone specimens

(Ref. Fig. 3) from Phase II are summarized in Tables 9-13.

Phase II test results are documented in Volume IV [24]. A

comprehensive evaluation of the dog bone specimen test

results is presented in Appendices C and D of this Volume

(III). The purpose of this section is to summarize the dog

bone test results acquired under Phase II and to evaluate the

implications of these results for this program.
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is observed in the 3.5% NaCI environment. However, the

difference between the 3.5% NaCI and dry air data is quite

small. The effect of the 3.5% NaCi environment on crack

initiation is considerably less in this alloy than in the

7075-T7651 aluminum alloy.

The effect of test frequency on crack initiation in both

dry air and 3.5% NaCI environment were examined. Frequencies

ranging from .5 Hz to 5.0 Hz were used. Results indicated

that both the dry air and 3.5% NaCl environment data was

strain rate dependent. Accelerated crack initiation was

observed at lower test frequencies in most cases.

4.3 COMPACT TENSION TEST RESULTS

Compact tension tests for 7075-T7651 aluminum specimens

were performed under Phase I of this program. These results,

documented in Volume I (221 provide the data base needed to

make crack growth predictions under Phase II.

A comprehensive evaluation of the da/dN versus &K

results from Volume I [221 is documented in Appendix B of

this Volume (III). Objectives of this evaluation were to:

i. Study both the Paris and Forman crack growth models

using the applicable da/dN versus AK data and to provide

appropriate results needed to implement the crack growth

51
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crack-initation predictions for mechanically-fastened joints

under Task 6.

Strain-controlled results for 7075-T7651 aluminum alloy

are presented in Appendix A for dry air/lab air and for 3.5%

NaCi environments, respectively. Detailed results are

presented for: strain amplitude (total, elastic and plastic),

area under the hysteresis loop, load frequency, and 2N.1

cycles to initiate a crack depth of 0.010" in Appendix A of

Volume IV [241. A plot of the total strain amplitude versus

2N. reversals to crack initiation (a = 0.010") for
1 0

7075-T7651 aluminum is shown in Figure 12 for dry air and

3.5% NaCl environment. Accelerated fatigue crack initiation

was observed in the 3.5% NaCl environment at both high and

low strain amplitudes. Curves for both dry air and 3.5% NaCI

have the same general shape. No appreciable effect of

frequency on crack initiation was observed in this alloy.

All of the data could be fitted to one general curve.

Strain-controlled results for beta-annealed Ti-6AI-4V

are shown in Appendix B of Volume IV (241 for lab air, dry

air, and 3.5% NaCl solution environments. Values of total

strain amplitude, load frequency, and 2N i cycles to initiate

a crack depth of 0.010" are given. The total strain ampli-

tude versus 2Ni reversals to crack initiation (ao = 0.010")

is plotted in Fig. 13 for lab air, dry air, and 3.5% NaCl

environments. Slightly accelerated fatigue crack initiation
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SECTION IV

EVALUATION OF CORROSION

FATIGUE TEST RESULTS

4.1 INTRODUCTION

Tasks 5 and 6 were concerned with acquiring an experi-

mental data base and conducting Corrosion Fatigue Methodology

Verification tests. Test results for 7075-T7651 aluminum

for: strain-controlled specimens, and dog-bone specimens

are presented in this section. A comprehensive evaluation of

the 7075-T7651 aluminum test results is presented in Appen-

dices A-D. The effects and significance of different test

variables on TTCI, TTF, and crack propagation are also dis-

cussed.

Titanium (Beta-annealed Ti-6AI-4V alloy) strain-control-

led specimen test results are presented in this section and

further documented in Volume IV [24].

4.2 STRAIN CONTROLLED TEST RESULTS

Using the experimental procedures developed and evalua-

ted under Task 4, the required strain-controlled data for

Task 5 was obtained. The experimental data acquired under

Task 5 provided the information needed to make time-to-

47
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4. Obtaining Crack Growth Data - In order for fractographic
I

data to be obtained from spectrum testing, distinguishable markings

must be resolved on the fracture surfaces. For all three spectra

used (Spectra "A", "B", and "C"), we were able to rely on fracto-

graphic readings to obtain both TTCI (time to obtain a crack 0.010

inch depth) and crack growth rate.

5. Initial Hole Quality - A sufficient number of fatigue

tests (e.g., ten or more) should be performed to account for the

initial quality variation of fastener holes on fatigue life. The

initial hole quality variation is an important factor which in-

fluences the scatter in crack initiation test results for fastener

holes [25, 26, 63, 76, 77]. To minimize these problems,

fastener holes in this program were polished.

4
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case, the maximum compression load in the three spectra

considered was approximately 30% of the maximum positive load

in the spectrum. If significantly larger compression loads

are encountered, the present design might require lateral

support or have to be redesigned to prevent specimen buckling

in the fixture.

2. Environmental Chambers - The plexi-glas sealed

chambers used for the no load transfer testing were fairly

simple and caused no problems. The loading bar with the

integral environmental chamber was found to insure the proper

load transfer desired in the Task 6 tests.

3. Bolt-Load-Transfer Loading System - The bolt load

transfer loading system shown in Fig. 7 worked very well for

this program. Since this system introduces the load directly

to the bolt, the actual percentage of bolt load transfer can

be controlled. If the effects of the bolt load transfer on

corrosion fatigue is to be investigated, the percentage of

bolt load transfer should be carefully controlled. Reverse

double dog-bone specimens have been previously used to simu-

late desired percentages of bolt load transfer and to acquire

crack initiation data in fastener holes [25,261. Such speci-

mens are fine for simulating variable bolt load transfer

conditions. However, the actual percentage of bolt load

transfer can vary depending on the fastener type/fit and

applied load level.
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3.4.2 Acquisition of Crack Propagation Data

1. Specimen Design - Compact tension specimens used in

these investigations have been in common use at General

Dynamics Fort Worth Division. If possible, the specimen

should be thick enough to assure plane strain conditions.

2. Environmental Chamber - The plexi-glass sealed

chamber has been used extensively for environmental studies

at the General Dynamics Fort Worth Division for several

years. Such chambers have worked very well for enviromental

simulations.

3. Effects of Different Parameters on Crack Growth Rate

- Normally the effects of environment, R-ratio, loading fre-

quency, hold time, etc., on crack growth need to be investi-

gated.

3.4.3 Spectrum Testing

1. Specimen Design - The dog-bone specimen design shown

in Fig. 3 worked very well for the tests performed under this

program. The same specimen geometry was used for open hole,

bolt-in-hole (without load transfer) and bolt load transfer

configurations. No specimen buckling problems were encoun-

tered with any of the three load spectra considered. In our
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3.4.1 Acquisition of Strain Life Initiation Data

1. Specimen Design - Hourglass specimen were success-

fully used in this program considering both high and low

strain amplitudes.

2. Environmental Chamber - Tygon tubing sealed to the

specimen worked well. This tubing is inexpensive and easy to

use.

3. Determination of Crack Initiation - The load shed-

ding technique is fairly sensitive to detecting 0.010 inch

deep fatigue crack. Whether material is cyclic softening,

hardening or stable is important when using this technique.

4. Testing Reliability of Data - Whether test data is

frequency dependent or not needs to be established in obtain-

ing a strain-life curve. Strain amplitudes need to be sel-

ected in both the high and low strain amplitudes region where

more than one specimen can be tested in order to determine

experimental scatter.

5. Material Constants Needed - The material constants

required in order to use strain-life data are listed in

Appendix A.
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3.4 CORROSION FATIGUE TESTING GUIDELINES

General guidelines are given in this section for

acquiring statistically-valid corrosion fatigue data needed

to implement the corrosion fatigue analysis methodology

evaluated under this program. As such, the guidelines

reflect the understandings reached under this program. Since

further research is required to resolve some of the questions

raised under this program, the following recommendations

should be used in the context under which they were

developed.

The number of test replications needed to acquire the

data base for implementing the CF analysis methodology

depends on several factors. For example, one should con-

sider: (1) the desired confidence level, (2) whether-or-not

the main interest is in the mean value, the exteme values or

both, (3) whether-or-not the distribution of values is

desired, (4) the complexity of the test conditions and how

well the controlling factors are understood, (5) initial hole

quality variations and specimen replications, and (6) the

material to be used.
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the bolt through the loading bar and ennvironmental chamber

was removed to make eddy current measurements.

The eddy current technique, described in Volume I [221

provided backup information on the TTCI for the spectrum

fatigue tests. This technique was used to complement the

fractography - particularly for those tests when the 3.5%

NaCI environment might affect the fatigue markings on the

fracture surface.

3.3.3.2 Fractography

Fractographic measurements were made on all coupons

exposed to spectrum tests. Readings were made to as small a

crack size as possible. In come cases, fractographic

measurements could not be traced to the desired minimum crack

size due to poor surface markings for the smaller crack

sizes. Crack sizes versus time measurements and other per-

tinent details were recorded on fractographic data sheets.

This included, in most cases, a photograph of the fracture

surface, specimen dimensions, crack origins, peculiarities,

number of load points at failure, etc. These fractographic

data sheets are contained in the Vol. IV report, Appendices

D, E and F.
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ered: (1) F = fast (8000 flight hours/2 days), (2) S = slow

(8000 flight hours/16 days), and (3) M = medium (8000 flight

hours/8 days), and (4) s = extra slow (8000 flight hours/90

- idays.

3.3.2 Evaluation of Environmental Simulation Methods

Environmental chambers used for the dog-bone tests are

shown in Figs. 6 and 8. Both dry air and 3.5% NaCI solution

environments were used. Methods used in obtaining these

conditions were identical to those used in the strain-con-

trolled experiments.

3.3.3 Establishing Crack Growth Monitoring Methods

3.3.3.1 Eddy Current Techniques

Eddy current measurements were periodically made in the

center hole of the test specimen for all constant amplitude

tests. Spot check measurements were also made during the

spectrum fatigue tests to determine the time to initiate a

- " crack size of 0.01" in the fastener hole. The eddy current

* probe was inserted directly into the fastener hole without

disassemblying the environmental chamber. For the no-load

- transfer tests the cork in the hole at the side of the

environmental chamber was removed to make eddy current

measurements. In the case of the bolt load transfer tests,
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onmental simulation methods, and (3) verify crack growth

measurement techniques for both constant amplitude and spec-

trum testing. Task 4 corrosion fatigue test results for

dog-bone specimens are documented in Appendix D of Volume IV

[24].

3.3.1 Test Procedures

Testing procedures established in Task IV included

stress levels and test frequency. Maximum stress levels

using Spectrum "A" (F-16 400 hr. block spectrum) varied from

28 ksi to 34 ksi. From these studies a maximum stress level

of 28 ksi was selected for all spectrum tests conducted in

Tasks 5 and 6. This stress level achieved crack initiation

and time-to-failure in desired test time ranges.

The maximum positive load in spectrum "A" (F-16 400 hour

block spectrum), 100% load level, was scaled to a test load

that would produce the desired gross stress on the specimen

cross section. All other loads, positive and negative, were

"scaled" to the 100% load level.

Fatigue loading frequencies for spectrum "A" were

selected such that the spectrum loads corresponding to 8000

equivalent flight hours could be applied to the respective

tests specimen in a selected number of days (24 hours a day

continuous testing) . Four loading frequencies were consid-

39
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Table 9 Constant Amplitude Stress-Controlled Test Results
for Preconditioned Dog-Bone Specimens in Both Dry

Air and 3.5% NaCi Environments (7075-T7651 Aluminum;
R=0.05; Freq. = 6HZ; Open Hole)

SPECIMEN N N. ENVIRON-TENT
NO. (ksi) (cycles) (cycles)

200 16.5 92,827 70,000 Dry Air

204 15.0 85,720 52,000 Dry Air

202 14.0 99,389 70,000 Dry Air

199 14.0 38,202 25,000 3.57. NaCI

203 13.0 44,409 26,000 3.5% NaCI

205 12.0 167,539 95,000 3.5. NaCI

206 12.0 80,887 40,000 3.57 NaCI
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Notes for Table 11

(a) Testing anomaly
(b) Ref. Table 8 for description code
(c) Linear extrapolation from two smallest consecutive

crack sizes from fractographic data sheet
(d) Extrapolation based on power law (Eqs. 1 and 3)
(e) Fractography not read for this specimen for various

reasons (e.g., testing anomaly, not 28 ksi baseline
stress surface crack away from hole).

(f) Fatigue crack origins: B = bore of hole, C = corner of
hole and S = surface crack away from hole.

(g) Time to initiate crack depth of 0.010" in fastener
hole (determined from fractographic results).

(h) Time-to-failure
(i) Time spent in crack growth
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Notes For Table 13

(a) Ref. Table 8 for description code
(b) Fatigue Crack Origins: B = bore of hole, C = Corner

of hole and S = surface crack away from hole
(c) Time to initiate crack depth of 0.010" in fastener

hole (determined from fractographic results)
(d) Time-to-failure
(e) Time spent in crack growth
(f) Extrapolation based on power law
(g) Linear extrapolation from two smallest consecutive

crack sizes from fractographic data sheet
(h) Diameter measurement not recorded
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4.4.1 Constant Amplitude Test Results

Constant amplitude test results for open hole dog bone

specimens are shown in Table 9. Specimens were

preconditioned as described in Section III and both dry air

and 3.5% NaCl environments were considered. In Table 9, the

number of cycles to initiate a crack depth of 0.010" (N i ) and

the number of cycles to failure (Nf) are shown.

Twenty and 40% bolt load transfer specimen configura-

tions (Ref. Fig. 3) were also fatigue tested using a constant

amplitude loading. The amount of load transferred through

the bolt is expressed as a percentage of the total applied

load to the dog bone specimen. Test results are shown in

Table 10 for both dry air and 3.5% NaCI environments.

4.4.2 Spectrum Fatigue Test Results

Spectrum fatigue test results are shown in Table 11, 12

and 13 for Tasks 4, 5 and 6, respectively. Test results are

evaluated in Appendices C and D and the effects of related

test variables on TTCI, TTF and crack prop:.otion are dis-

cussed in Section 4.5.

62



NADC-83126-60-VOL. III

4.5 EVALUATE EFFECTS OF TEST VARIABLES ON

TTCI, TFCG AND TTF

The effects of key test variables on TTCI, TFCG and TTF

tor 7075-T7651 aluminum dog-bone specimens were evaluated in

Appendices C and D. A summary of this evaluation is given

below for seven (7) different test variables. These conclu-

sions should be considered in the context of the test results

acquired under the present program for 7075-T7651 aluminum.

1. Test Frequency - There was no significant influence

of test frequency on TTCI, (a = 0.01"), TFCG or TTF attribut-0

able to the dry air or 3.5% NaCI environments for either load

spectra "A" OR "B". These conclusions are based on tests

results for dog-bone specimens with and without a bolt in the

hole and small sample significance tests for differences in

the mean. Three test frequencies were considered: (1) F =

fast = 8000 flight hours/2 days, (2) S = slow = 8000 flight

hours/16 days, and (3) s = extra slow = 8000 flight hours/90

days. The extra slow frequency (s) was considered only for

the 3.5% NaCl environment.

2. Environment - The presence of a wet environment

(3.5% NaCl solution) reduced TTCI, TFCG and TTF for all three

load spectra (i.e., "A", "B" and "C"). The amount of reduc-

tion is consistent with the influence of environment on these
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quantities under constant amplitude conditions. The dry/wet

ratios for TTCI (ao = 0.01"), TFCG and TTF lives indicate

that the effects of environment on these quantities can be

"scaled" for the 7075-T7651 aluminum alloy.

3. Load Spectra - The type and severity of the load spectra

can have a significant effect on the TTCI, TFCG and TTF in

mechanically-fastened joints. For example, the corrosion fatigue

test results for the two block-type spectra (i.e., spectra "A"

and "C") exhibited noticeable crack retardation behavior; whereas,

the random-type spectrum (i.e., "B") had a much smaller effect on

crack retardation. For ductile material, such as 7075-T7651

aluminum used in this program, fatigue cracks tend to close under

compression loading. With crack closure the material doesn't re-

cognize the presence of a crack. Current state-of-the-art load

retardation models are inadequate for handling the effects of

compressive loads on spectrum crack growth analyses for all load

spectra. This issue remains and needs to be resolved. As far as

the environment effect is concerned there is no additional enhance-

ment in crack growth as a result of compressive loading cycles.

4. Bolt-In-Hole - A clearance-fit bolt in the fastener

hole improved the crack initiation life (TTCI; ao= 0.01") for

the dry air environment, and produced no net effect on TTCI

for the wet environment (3.5% NaCl solution). There was no

significant influence on the TFCG. The absence of a signi-

64



.- -_--. -r -- , o .° .-- _ .---i _ . _ - 7 -- -, i --- . % . - . .

NADC-83126-60-VOL. III

ficant influence on TTCI in the wet environment is believed

to' result from the combined effects of the presence of the

bolt (which improved life) and the environment (which reduced

life). The latter effect may be further enhanced by galvanic

action between the steel bolt and the aluminum specimen. The

amount of hole restraint provided by the bolt in the hole

varies depending on the fastener-hole clearances, the magni-

tude of the load applied to the specimen and the degree of

bolt torque.

5. Bolt Load Transfer - Test specimens with 20% and 40% bolt

load transfer typically had shorter fatigue lives than those with

no load transfer for both spectra "A" and "B". Load transfer is

one of several competing factors (e.g., fastener-hole clearance,

surface residual stress variation in bore of hole, fretting, bolt

torque, etc.) influencing the fatigue life of a mechanically

fastened joint. Because the effects of such competing factors

are buried in the test results, the individual contributions to

fatigue life could not be properly resolved within the context of

this program.

6. Preconditioning - Specimen preconditioning (i.e.,

exposure to the 3.5% NaCI environment for 72 hours following

one 300 or 400 hour block of fatigue loading) significantly

reduced the TTCI (a0 = 0.01") but it had a negligible effect

on the crack propagation (TFCG). The deleterious effect is

believed to result from surface damage produced by fatigue
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assisted corrosion (e.g., pitting). The irregular nature of

this damage is reflected in the considerable scatter in TTCI

and the overall fatigue lives (TTF) of precondition~ed speci-

mens.

7. Stress Level - A limited number of corrosion fatigue

tests were performed using different stress levels (i.e., 28,

30, 32 and 34 ksi) and spectrum "A" under Task 4 (Ref. Table

11) to establish a baseline stress level for Tasks 5 and 6

(i.e., 28 ksi). Bar graph plots for selected data sets are

shown in Fig. C-16 of Appendix C. Based on these limited

results, it is concluded that: (1) increasing the stress

level reduces the fatigue life (TTF) and (2) there was no

significant effect of loading frequency on the average TTF

for applicable data sets with the same stress levels.
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SECTION V

CORROSION FATIGUE ANALYSIS METHODOLOGY FOR

MECHANICALLY - FASTENED JOINTS AND EVALUATIONS

5.1 INTRODUCTION

The purpose of this section is to: (1) describe a corrosion

fatigue (CF) analysis methodology, rationale, and procedures for

applications to mechanically - fastened joints, (2) describe

recommended experimental test/data requirements and guidelines

for implementing the methodology, (3) evaluate and discuss CF

analysis predictions and correlations for 7075-T7651 aluminum and

(4) discuss the applicability of the CF methodology to other

aluminum alloys.

The "CF Methodology" includes the strain life approach

[e.g., 28 - 51] for predicting crack initiation and the fracture

mechanics approach (e.g., 93] for predicting crack propagation.

Since these approaches and practices are documented elsewhere,

only the essential features will be considered herein.

References will be cited where further details are given. The

recommended framework and guidelines for performing CF analysis

and requisite tests will be emphasized. The "CF Analysis

Methodology" is divided into modules or basic building blocks
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(e.g., crack growth and load - interaction models) in the overall

framework.

5.2 CORROSION FATIGUE ANALYSIS APPROACH AND RATIONALE

The CF analysis methodology described and discussed herein

is recommended for 7000 series aluminum alloys in the over - aged

condition. Special considerations are needed in applying this

methodology for these alloys in the peak-aged condition. There

are many aspects of the CF analysis methodology. One of the most

important considerations is: there is no significant synergistic

effect between the mechanical loading and the environment on CF

crack initiation and CF crack propagation for 7000 series

- aluminum alloys in the over - aged condition. This conclusion

has several important implications for. the CF analysis

methodology recommended herein. Both the mechanical-loading and

the environment affect the crack initiation and crack growth

rates of 7075-T7651 aluminum. Although they both contribute to

the CF behaviour, each contribution can be treated separately.

Thus, the effects of the environment on CF crack initiation and

crack propagation can be "scaled" in the CF analysis. This means

* that the effects of the environment on crack initiation can be

accounted for in the strain life allowables used in the strain

* -ilife analysis. By the same token, the effects of the environment

on crack propagation, can be accounted for in the da/dN versus AK
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data used in the crack growth computer program [e.g., 66,67].

This greatly simplifies the CF analysis methodology because

special models are not required for crack growth,

load-interaction or % bolt load transfer to account for the

effects of environment on CF crack initiation and CF crack

propagation.

There is no additional enhancement in crack growth due to

the environment effect as a result of compression loading cycles.

For a ductile aluminum alloy, such as we considered under this

program (i.e., 7075-T7651), the fatigue crack tends to close

under compressive loading. Because of this phenomena, there is

uncertainty about handling the effects of compressive loads in

spectrum crack growth analyses.

This program was not charged with developing new crack

growth or load-interaction models for CF analysis applications.

Several different models have been proposed and an appropriate

model is required to implement the CF analysis methodology.

Unfortunately, state-of-the-art load interaction models need to

be further advanced to: (1) properly handle both tension and

compression load cycles and (2) obtain a model applicable to

. different load spectra and ideally a model that can be calibrated

* using basic material data.
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A conceptual description of the CF analysis approach is

described in Fig. 14. The total corrosion fatigue life of

mechanically fastened joints is divided into two parts: (1)

time-to-crack-initiation(TTCI) and (2) time-for-crack-growth

(TFCG). Each part is briefly discribed below and further details

are given later. A general procedure is emphasized.

Essential elements of the approach for predicting corrosion

fatigue crack initiation in fastener holes includes: (1) strain

life approach [e.g., 28 -51], (2) strain-controlled tests for

acquiring strain life crack initiation data for the baseline and

selected environment, (3) dog-bone specimen tests for baseline

geometry, environment, stress level and loading spectrum, (4)

relationship for effective stress concentration factor versus

TTCI based on the strain life analysis results for a given load

spectrum and stress level, (5) determine a baseline effective

stress concentration factor by calibrating the strain life

analysis to dog bone specimen test results for a baseline

geometry, environment, load spectrum and stress level, (6) modify

the baseline effective stress concentration factor to account for

the effects of hole geometry, % bolt load transfer and stress

level, and (7) predict TTCI using the effective stress

concentration factor versus TTCI relationship.
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Strain controlled tests for smooth, un-notched hour-glass

specimens (e.g., Fig.l) for both dry air and 3.5% Nacl

environments are performed to obtain strain life allowables. a

is the reference crack size for TTCI and the initial flaw size

for the CF crack propagation analysis. Hence, the a value

selected should be large enough to justify using linear elastic

fracture mechanics (LEFM) principles. A universally accepted

limiting flaw size for LEFM has not been established. However,

ao > 0.01" is considered reasonable.

Strain life allowable curves are developed based on average

test results. Upper and lower bound strain life allowables can

5be estimated for selected probabilities (ref. Appendix A).

Extreme value predictions for TTCI can be estimated using

the strain life analysis and upper and lower bound allowables.

Results of the CF crack initiation analysis (i.e., TTCI)

provide the starting point for the CF crack growth analysis

(i.e., TFCG). The predicted time-to-failure (TTF) is equal to

TTCI + TFCG. Predictions for TTCI, TFCG and TTF can be obtained

for the average or estimated for selected probabilities.

Essential elements of the CF methodology for predicting the

time-for-crack-growth (TFCG) are: (1) a suitable deterministic

crack growth analysis computer program based on state-of-the-art
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fracture mechanics principles [e.g., 66,67], (2) da/dN versus 6K

data for the desired material for the baseline (e.g., dry air)

and selected environment (e.g., 3.5% NaCl), (3) suitable crack

growth and load-interaction models and spectrum load cycle

counting scheme, and (4) means for accounting for the effects of

% bolt load transfer in the crack growth analysis. Also, it is

recommended that dog bone specimens with a preflawed center hole

be fatigue tested under spectrum loading to acquire "baseline

data" for calibrating the applicable load-interaction model

parameters for a baseline environment (i.e., dry air), load

spectrum and stress levels. Ideally, the load-interaction model

parameters should be basic material properties which are

independent of the environment, load spectrum, stress level, hole

geometry, % bolt load transfer, etc.
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5.3 CORROSION FATIGUE CRACK INITIATION METHODOLOGY

Essential elements of the CF crack initiation method-

ology are described in Fig. 15. Details of the methodology

are documented in this section.

5.3.1 General Procedure

The general procedure for implementing the CF crack

initiation methodology is described and discussed below.

1. Use the strain life analysis computer program

(BROSE) and applicable strain life materials data to make

TTCI (a0 = 0.01") predictions for a given load spectrum. Do

analysis for different assumed effective K t values.

2. Determine suitable relationships for effective K t

as a function of TTCI for both dry air and 3.5% NaCI environ-

ments using results from step 1. Such relationships can be

determined graphically or empirically. A simple power law,

such as Eq. 1, may be suitable.

Effective Kt = A(TTCI)B (1)

In Eq. 1, A and B are empirical constants. The effective Kt

versus TTCI can also be determined directly by plotting the

results of the strain life analysis.
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3. Scale the strain life analysis in step 1 using

dog-bone specimen tests results for the open hole configura-

tion. This involves determining an effective Kt . denoted as

Kt(0), by scaling the strain life analysis and average TTCI

(a0 = 0.01") test results for the open hole case. K t(0) is

the baseline for making TTCI predictions for other design

conditions (e.g., bolt load transfer, load spectra and stress

level).

4. To account for the effects of bolt load transfer in

the strain life analysis predictions for TTCI, the baseline

effective t(0) is modified using the applicable elastic or

plastic stress concentration factor [74] for an open hole

(Ka-(0)) and for a hole with a given amount of bolt load

transfer (K,.(LT). A rigorous notch strain analysis can be

performed to determine KT-0) and K0(LT) (e.g., finite element

approach). A simple superposition model, based on the total

maximum stress (elastic) at the edge of the hole and the

applicable stress-strain relationship, was used in this

report to estimate both K,.(O) and Ka.(LT) values. Whatever

method is used to determine Ka.(O) and KT(LT), the effective

Kt for a given bolt load transfer, denoted by K t(LT), can be

estimated using Eq. 2.

Effective t(LT) = 1t(0) * Ko(LT)/KT(0) (2)
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5. TTCI predictions for different stress levels, % bolt

load transfer and load spectra are obtained as follows. K T(O)

and KC-(LT) are determined for the applicable peak stress

in the load spectrum. These results and Kt (0) are used in

Eq. 2 to estimate the effective K t(LT). Finally, the TTCI

prediction is obtained using the applicable effective Kt (LT)

and the strain life analysis program.

6. Once the K t(0) and Kt(LT) values have been deter-

mined, the TTCI predictions for a given load spectra, % bolt

load transfer and stress level can be determined in one of

two ways: (1) Use the strain life analysis computer program

and the applicable K t(0) and K t(LT) values to predict TTCI

directly, or (2) use the effective Kt relationship (e.g., Eq.

I where Kt (0) or Kt (LT) equals K t ) based on the strain life

analysis results for different assumed Kt values to predict

TTCI values.

3.3.2 Strain Life Analysis

A strain life analysis computer program is needed to

implement the strain life approach [e.g., 28-51]. Strain

life allowables (dry and wet) for a given crack initiation

reference crack size (a0 ) are developed from total strain

amplitude versus 2N i plots (Ref. Fig. 15; Frame B and D). A

cycle counting method (e.g., rainflow) is needed to transform

a random spectrum into fatigue- .quivalent constant amplitude load
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cycles. The cumulative damage is determined using a notch

strain analysis (e.g., Neuber's rule, Seeger/Heuler), the

equivalent constant amplitude load cycles and the applicable

strain life allowables for a given a0. The predicted time-

to-crack-initiation (TTCI) is determined from the cumulative

damage.

A computer program has been developed for implementing

the strain life analysis described above. This program,

referred to as "BROSE", is briefly described in Appendix E

and details are given in Ref. 45.

The procedures for determining the cyclic stress-strain

relationship and the strain life allowables (i.e., Coffin-

Manson plots) are described and illustrated in Appendix A.

Strain Life analysis details, including resulis for TTCT

predictions, and typical computer output from Progcram "3RCSE"

are given in Appendix F.

5.3.3 Effective Kt Versus TTCI Relationship

An effective Kt versus TTCI relationship for a given

load spectrum and maximum stress level provides a convenient

means for "scaling" the strain life analysis using dog bone

specimen test results. A relationship between the effective

stress concentration factor, Kt, at the edge of a fastener
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data (dry air) for replicate dog bone specimens with a

preflawed center hole may not be available to tune the crack

growth analysis. In this case the following options are

reasonable:

(1) tune the load interaction model parameters using

spectrum crack propagation data (dry air) based on

replicate dog-bone specimens with no intentional

preflaw in the center hole (i.e., Normalize the

crack propogation results to the same initial flaw

size) or

(2) use available or suitable retardation model

parameters in the CF crack growth analysis. Use

da/dN versus AK data for the applicable environment

and a suitable crack growth model which accounts for

the effect of R-ratio.

5.4.2 Crack Growth Analysis Program

A general purpose analytical crack growth computer

program is needed to implement the CF crack propogation

methodology for mechanically-fastened joints. Essential

features of the required computer program are described in

step 4 of Section 5.4.1 and in Fig. 18, Frame C.
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5. Acquire spectrum crack growth data using replicate

dog-bone specimens with an open center hole (ref. Fig. 18,

Frame B) . Each hole in the test specimen should have a

preflawed corner crack on one side of the hole (e.g., ao =

0.01"). Tests should be performed using a baseline geometry,

environment (e.g., dry air), loading spectrum, and stress

level. The main purpose3 of these tests is to acquire spectrum

crack growth data that can be used to "tune on scale" the

crack growth analysis. Tuning is a practical way to calibrate

the load-interaction model parameters until general-purpose

mechanistic-based models have been developed which apply to

any load specturm.

6. Tune or scale the crack growth analysis or

load-interaction model using the spectrum crack growth data

(ref. Fig. 18, Frame B). Suitable load-interaction model

parameters can be determined for a baseline geometry (open

hole) , environment (dry air), load spectrum and stress level

using a trail and error procedure. A suitable analytical

crack growth program (e.g., "RXN", Ref. 67) is used to match

the average crack growth test results for dog-bone specimens.

7. Make CF crack growth predictions for selected

geometry, stress level, load spectrum, enviornment and % bolt

load transfer using the calibrated load-interaction model

parameters determined in step 6 for the baseline case (i.e.g

open hold, dry air, corner flaw). Spectrum crack propagation
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3. Select a suitable load-interaction model to use.

Principal yield-zone and crack closure models are listed in

Fig. 18, Frame C and details for each model are given elsewhere

[96 - 1141 . Whatever load-interaction model is used, it

should account for the effects of tension and compression

loads, and load sequence, on crack growth. Ideally, the

calibrated model should apply to any load spectra, geometry,

stress level or bolt load transfer and should be independent

of the environment. There is no additional enhancement in

crack growth due to the envioronment effect as a result of

compression loading cycles for the 7075-T7651 aluminum alloy

considered under this program.

4. Select an analytical crack growth computer program

for performing the crack growth predictions. The

general-purpose program should incorporate the following

feature and options:

(1) Crack growth model(s) which account for R-ratio,

(2) Cycle counting methods,

(3) load-interaction model,

(4) stress intensity factor which accounts for different

flaw shapes/geometries and bolt load transfers,

(5) a procedure that accounts for part-through crack

growth, through-the-thickness crack growth and crack

growth transition, and

(6) a damage accumulation procedure.
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5.4 CORROSION FATIGUE CRACK PROPOGATION METHODOLOGY

Essential elements of the corrosion fatigue (CF) crack

propogation methodology are given in Fig.18. Further details

are given in this section.

5.4.1 General Procedure

The general procedure for making CF crack propogation

predictions is described and discussed below.

1. Acquire suitable da/dN versus 4K data (ref. Fig. 18,

Frame A) using either compact-tension (CT) or center-

cracked-tension (CCT) in dry air and applicable environment

(c.g., 3.5% Nacl solution). Test requirements and procedures

are described in Section 5.5.2 and elsewhere [24,80].

2. Select a crack growth model for the CF crack growth

analysis which accounts for the effects of R-ratio [e.g.,

87,90,91]. Best fit the selected model parameters using the

da/dN versus 6K data for both dry air and applicable

environment (e.g., 3.5% NaCl). Justify using the calibrated

crack growth model for a range of R-ratios covered by the

applicable loading spectrum.
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g 3. Use the stress-strain curve or applicable relation-

ship, such as Eq. 12, to determine the plastic stress

corresponding to the total strain 6T (see Fig. 17). In Eq.

I 13, 6 = total strain, T"= stress level, E = elastic modulus

of elasticity, n' = cyclic strain hardening exponent and K' =

cyclic strength coefficient. The plastic stress, , corres-

ponding to the total strain, eT, can be estimated by setting

the right hand side of Eq. 13 equal to T (Eq. 12) and
T

solving for <r by trial and error.

E = (/E + ( /K)li/nl' (13)
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= K -(LT = 0)).

There are different ways to determine K00) and Ka.(LT)

in Eq. 11. For example, a detailed notch strain analysis

could be performed using the finite element approach. The

following procedure is suggested for estimating KT(0) and

K .(LT) for corrosion fatigue crack initiation analysis. Once

K t(LT) has been determined, TTCI predictions can then be made

for particular point conditions using the strain life analy-

sis results.

- <ax < Elastic Limit of Material

Kax

If the maximum stress at the edge of the hole is

elastic, then K (0) = Kt (see Eq. 4) and KC.LT) = KT (see Eq.

9).

-ax > Elastic Limit of Material

1. Compute the maximum elastic stress at the edge of

the hole, 0 "max, based on the maximum stress in the loading

spectrum and Eq. 10.

2. Compute the total strain, eT , based on 'max and Eq.

12, where E = elastic modulus of elasticity.

-= /E (12)
T max
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,1*.

KT = 31 - LT) + [1 + (d/W)2](LT)lW/d) ;(LT=l) (9)

1(1 - d/W)

K 10
"max = T "Net (10)

5.3.5.2 Modification of Strain Life Analysis Scaling Factor

for Effect of Bolt Load Transfer

In the corrosion fatigue crack initiation analysis, the

effects of bolt load transfer are accounted for by modifying

the strain life analysis scaling factor for the open hole

case (denoted by K (0)). It is assumed that the baselinet

scaling factor t(0) for the open hole case can be ratioed up

using Eq. 11 to obtain the scaling factor for the desired

amount of bolt load transfer, denoted by Kt(LT). In Eq. 11,

K0T(0) and K (LT)

t(LT) = *t(0)*K (LT) (11)

Ku. (0)

are the stress concentration factors for the'open hole case

and the bolt load transfer case, respectively. (Note: KT(0)
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The bolt bearing load, Pb' depends on the degree of load

transfer and it is determined from the input gross stress,

as follows. In Eq. 6,

b - (LT) C Wt = (LT)Wt(I - d/W) 0Nt 0LT1.0 (6)

Pb LT) IrNet'(6

P

LT = P / IP W = plate width, t = plate thickness and PI

total input load to joint. The average bolt bearing stress,

Sbrg, is determined using Eq. 6 and Eq. 7.

Obrg = Pb/dt (LT)(W/d)(i - d/W)net

Equation 8 for the net section through stress, denoted as

net~r , can be determined from equilibrium considerations,

NetT Iwt - (1 - Net (8)

wt(l - d/W)

The following expression for the geometric stress con-

centration factor, denoted by KT , can be obtained by substi-

tuting Eqs. 4, 5, 7 and 8 into Eq. 3 and simplifying. Equa-

tion 9 expresses KT as a function of the geometry and the

amount of bolt load transfer (i.e., LT - 1.0). Hence, the

total maximum elastic stress at the edge of a fastener hole,

given by Eq. 10, can be estimated using Eq. 9 and the appli-

cable net section stress.
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fastener hole (Fig. 16(a)) can be estimated considering the

contribution of the through stress (Fig. 16(b)) and the bolt

bearing stress (Fig. 16(c)) on T0 separately.
max

The general equation for the geometric stress concentra-

tion factor, for Kt, is given by Eq. 3, where: Cnet net

section stress based on

KT (1/-net) (Krnet + Kb brg) (3)

the far field total gross stress, Kt geometric stress

concentration factor for an open hole, 0e net section
net 1-

stress due to the through stress, Kb = stress concentration
factor due to bearing and T. bolt bearing stress.

b rg

Heywood's approximation [61] for the stress concentration

factor (K ) for an open hole is given in Eq. 4.

t

K t  T a = 3/(1 + d/W); (d/W 0. 3) (4)

tmax net

where: d = hole diameter and W = plate width. Barrios [611

has developed an approximate relationship, Eq. 4, for the

bearing stress concentration factor (Kb) based on results

from Theocaris [571.

'- K b [1 + (d/w) 2]/( d/W) (5)

In Eq. 5, d and W have the same meaning as given in Eq. 4.
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5.3.5 Accounting for Bolt Load Transfer

A reasonable method is described in this section for

accounting for the effects of bolt load transfer on corrosion

fatigue crack initiation predictions. The method includes:

(1) a superposition model for estimating the total maximum

elastic stress at the edge of a fastener hole due to the

through stress and the bearing stress, (2) a technique for

estimating the elastic or plastic stress concentration factor

for an open hole (K(.(0)) and for a hole with a given amount

of bolt load transfer (K(r(LT)) based on the stress-strain

relationship, and (3) a means for scaling the baseline effec-

tive Kt(0) for an open hole to the desired % bolt load trans-

fer level.

The method described in this section is illustrated in

Appendix F.

5.3.5.1 Superposition Model for Estimating I'max

at Edge of Hole

A simple superposition model is proposed for estimating

the total maximum elastic stress at the edge of the fastener

-. hole. This idea has been used before by other researchers

(e.g. , 57,61] to estimate Kt . The proposed superposition

model is shown in Fig. 16. The basic idea of the model is

that the total maximum elastic stress, max' at the edge of a

80
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hole and TTCI can be determined using the strain life analy-

sis computer program as follows. Assume different Kt values

to cover the possible range of values expected for the par-

ticular geometry (e.g., Kt = 1.5, 2.0, 2.5, 3.0, 3.5,

4., ..... ). Using the strain life analysis program,

determine the TTCIs corresponding to a given Kt. A

relationship can then be established for the effective Kt in

terms of TTCI - either empirically or graphically. For

example, the simple power law of Eq. 1 has been successfully

used in this program and it is promising for future

applications. The constants A and B in Eq. 1 can be

determined using a linear least squares fit form of Eq. 1 and

using the predicted TTCIs for given Kt s as input.

5.3.4 Baseline Effective K (0)t

An effective stress concentration factor for the open

hole (dry air environment case), denoted as Kt (0), can be

used to make predictions for other geometries, environments,

% bolt load transfer, load spectrum and stress level. This

factor can be determined using the effective Kt versus TTCI

relationship and the average test results for dog-bone speci-

men tests (see Fig. 15, Frame C). The procedures for deter-

mining K(0) are further described and illustrated in

Appendix F.
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Various analytical crack growth computer programs have

been developed [e.g., 67]. The General Dynamics/Fort Worth

Division has developed a state-of-the-art analytical crack

growth computer program, referred to as "RXN" [66,67]. This

program can be used to implement the recommended CF crack

propogation methodology proposed. Other computer programs

could also be used. Essential details and features of the

"RXN" computer program are described in Appendix G and further

- * details are given elsewhere [66,67].

5.4.3 Crack Growth Model

A suitable crack growth model is needed to define da/dN

versus AK for a given environment (e.g., dry air and 3.5%

- nacl) for any given spectrum. Since it would impractical to

acquire da/dN versus AK data for every possible R-ratio in the

load soectrum, a crack growth model is needed. Several crack

growth models have been proposed [e.g., 85-91]. The following

features of a crack growth model are needed to implement the

CF crack propogation analysis:

*I (1) accounts for R-ratio,

(2) accounts for the effects of AK extremes on da/dN

(i.e.,K threshold below which da/dN = 0 and 4K = K

where da/dN = 0(failure)), and
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(3) models reasonably well da/dN versus AK over the AK

and R-ratio ranges of most interest for the

corrosion fatique crack growth analysis.

Procedures are described and discussed in Appendix B,

including a data pooling method, for determining crack growth

model parameters from experimental da/dN versus AK data. The

procedures for calibrating the crack growth model parameters

S-for the Forman model [871 are illustrated in Appendix B.

Goodness-of-fit plots are shown for da/dN versus dK for both

dry air and 3.5% NaCl environment for two different R-ratios

(i.e., R = 0.05 and 0.3).

5.4.4 Load-Interaction Model

A load-interaction or retardation model is needed to

account for the effects of tension and compression loads,

multiple overloads, load sequence and number of load cycles in

the loading spectrum on crack propogation. Several

retardation models have beer proposed [96-113]. These models

can be divided into two groups: (1) yield zone models and

(2) crack closure models. Saff [114] has recently reviewed

the capabilities and limitations of the yield zone and the

crack closure models.

Since the effects of the environment on CF crack

propagation can be "scaled" for the 7000 series alloys in the
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over-aged condition, it is not necessary for the retardation

model to account for the effects of the environment. The

effect of the environment on CF crack propogation in 'fastener

holes is accounted for in the da/dN versus dK basic data used

in the CF crack growth analysis.

There is no significant synergistic effect between the

frequency of the mechanical loading and the environment for

the 7000 series alloy in the over-aged condition. Moreover,

the environment produces no additional enhancement in crack

growth as a result of the compressive loading cycles.

None of the existing retardation models can adequately

handle the effects of multiple overloads, compression loads,

loading sequence and any number of load cycles on spectrum

crack propagation. Ideally, the retardation model should

apply to any load spectra and the model parameters should be

definable using basic data.

Advanced retardation models are needed which apply to any

load spectrum. Until such models are developed and proven, it

is recommended that replicate dog-bone specimens (a minimum of

3 specimens) be spectrum fatigue tested to acquire baseline

crack propagation data for the dry air, open hole case. These

data can then be used to calibrate the retardation model

parameters and to justify the use of the retardation model for
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different fastener hold geometries, stress levels, % bolt load

transfer and load spectra.

The following retardation model philosophy is

recommended. First, calibrate the applicable retardation

model parameters for the open hole configuration using

baseline spectrum crack growth data for a dry air environment

and a selected maximum stress level. Then use the resulting

retardation model parameters to make CF crack propagation

predictions for other geometries, environments (e.g., 3.5%

*NaCI), % bolt load transfers and stress levels.

In any case, improved retardation models are needed.

However, this is a separate problem from the CF crack

propagation methodology.

5.4.5 Cycle Counting

A suitable cycle counting method is needed for

.- transforming the load spectrum into equivalent load cycles.

This step is essential to make the constant amplitude da/dN

versus dK data apply to CF crack propagation predictions for a

given environment and load spectrum.

Several cycle counting methods have been developed,

. including rainflow and range-pair counting methods

[e.g., 74]. The analytical crack growth computer program used

96

_'~~. .... ... ... .. ...." ".. °- -"-,2... . . .. . -. ° * - -- °. .. ,*.,°.° - ,,.**° .* ** ..



NADC-83126-60-Vol. III

should provide the cycle counting option best suited to the

user's needs.

5.4.6 Stress Intensity Factor for Loaded Bolt Holes

A superposition method has been developed [92,93] for

determining the stress intensity factor for a loaded bolt

hole. The stress intensity factor is based on the

through-stress and bearing stress (ref. Fig. 19) for both

part-through and through-the-thickness cracks in a fastener

hole.

The stress intensity factor KI, due to the through stress

and the bearing stress is given in Eq. 14.

-- = = bea[rnTENS + r/ J

where: = through stress bear!hg stress k? /1t'

shape factor, " TENS and 4 BR are tabulated factors for through

stress and bearing based on Ref. 92. A close tolerance fit of

the bolt in the hole is assumed.

The method described above is included in the "RXN"

computer program [67] for predicating crack propagation. A

brief description of "RXN" is given in Appendix G.
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5.5 EXPERIMENTAL DATA REQUIREMENTS/GUIDELINES

Experimental data requirements and guidelines for

implementing the recommended CF analysis methodology are

described and discussed in this section. Testing details are

discussed (e.g., type of specimen, number of specimens, specimen

geometries, loading frequency, test environments, environmental

simulation procedures, stress levels, R-ratio, etc.), including

testing rationale.

5.5.1 Strain-Controlled DATA

Strain-controlled tests are needed for a given material to

acquire allowable strain life data. (i.e., allowable strain

amplitude versus 2Ni cycles to initiate a specified crack size).

These data are needed to implement the strain life analysis

described in Appendix E and elsewhere [28-51].

Tests should be conducted using smooth un-notched

(hour-glass type) specimens. The specimen geometry shown in Fig.

1 worked very well for this program. Other geometries could be

used e.g., (ref. ASTM Standard E606-80; Ref. 133). Essential

specimen requirements are: (1) long enough in the test section to

obtain reasonable axial deformation, (2) short enough to be
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stable under compressive loading and (3) compatible with selected

environmental simulation method.

Strain-controlled tests, test set-up, and suitable test

procedures are described in Volume IV [24] and elsewhere.

Recommended environmental simulation procedures/chambers are also

described in Volume IV.

A reference crack size a for crack initiation must be

selected. ao-0.01" was used for this program and it seemed to

. work well. Whatever a is used, it should be large enough to

justify the use of LEFM for crack growth from an initial flaw

g.• size of a0 . Also, a0 should be consistent with the experimental

detection capability and desired confidence level.

Strain levels, environment, and reference crack size

are the main variables. A minimum of three strain levels should

be used (e.g., high, low and intermediate). The low strain level

should be selected to provide crack initiation data in a

reasonable test time.

Strain life data should be acquired for two environments:

(1) baseline (e.g., dry air at room temperature) and (2) 3.5%

NaCl solution at room temperature. It is possible to estimate
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the strain life allowables for a 3.5% NaCI environment using a

knockdown factor (based on strain life results for similar

alloys) and the dry air environment result. However, we

recommend that strain life allowables also be acquired for the

3.5% NaCl environment to cover the different exposure times

associated with the high and low strain extremes.

Specimens can be tested at a fairly fast frequency for both

dry air and 3.5% NaCi environments. The loading frequency should

be consistent with the user's experimental facilities and

capabilities.

The number of test specimens required for each strain level

depends on the main goals of the strain life analysis. For

example, if the analysis is concerned with the accuracy of the

central tendency prediction for CF crack initiation, then a

minimum of three specimens per strain level will probably be

adequate. However, if the strain life analysis is concerned with

the distribution of TTCIs for a given ao, the accuracy of extreme

value predictions, and a high confidence level, thirty or more

specimens per strain level may be required. In any case, the

user must decide what tests and how many are needed to meet his

requirements.
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5.5.2 da/dN Versus 4K Data

Constant amplitude tests are required to acquire da/dN

versus AK data for the desired material. Compact tension (CT)

or center crack tension (CCT) type specimens can be used.

Standard specimen geometries and testing procedures are described

in ASTM standard E647-81 [80).

Consider two environments: (1) baseline (e.g., dry air at

room temperature) and (2) 3.5% NaCl solution (at room

temperature. A suitable environmental chamber and test procedure

are described in Volume IV [24]. Use a constant immersion

condition for the 3.5% NaCl environment.

A minimum of three specimens (CT or CCT type) is recommended

for each environment. This is consistent with the recommendation
of Fong and Dowling r123,.

Consider a minimum of two different R-ratios (e.g., R - 0.05

and 0.5). for each environment. Also, the user should select

R-ratios that are typical for his applicable load spectrum.

Since CT and CCT tests are relatively inexpensive, the user is

advised to test as many different R-ratios as he can because the

da/dN versus aK results will be invaluable for evaluating the

102



NADC - 83126-60 - VOL III

effectiveness of the crack growth model used for a wide range of

R-ratios.

5.5.3 nng-Bone Specimen Data

Dog-bone specimen fatigue tests are recommended to acquire

data for "scaling" the CF crack initiation analysis and for

calibrating the load-interaction model used. These tests should

be performed using a baseline environment (e.g., dry air), load

spectrum and stress level.

5.5.3.1 Crack Initiation Data

Test specimens should be tested using as high a loading

frequency as possible to minimize testing costs. For example, 10

H to 20 HE is recommended. We typically used a maximum of 6 HE

for the constant amplitude tests under this program.

Dog-bone specimens with a center hole (open) should be

fatigue tested using a baseline environment, load spectrum and

stress level. A suitable specimen and hole geometry should be

used. The specimen shown in Fig. 3 worked very well for this

program. Whatever specimen geometry is used, the specimen should

be stable in compression without special lateral support in the

middle.
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The fastener hole in the test section should be prepared

using the applicable manufacturing methods. We recommend that

test specimens be fatigue tested to failure with the center hole

open (in the as drilled condition). No intentional preflaws

should be implanted in the center hole so that natural fatigue

cracks can be obtained.

A fastener in the hole tends to constrain the deformation on

each side of the hole. The amount of hole constraint provided by

the fastener varies depending on the fastener type and fit.

Constraining the hole deformation can reduce the effective

stress concentration at the edge of the hole and result in a

longer crack initiation life. However, due to the variable

nature of the fastener - hole fit and the typically large

sscatter in CF test results, we recommend that the dog-bone

specimens be tested without a bolt in the center hole.

The largest fatique crack in the center hole for each

specimen should be evaluated fractographically. From the

fractography, the time to initiate a crack size of a can be

determined. The average TTCI results from the fatigue tests

provide the basis for "scaling" the strain life analysis.

A minimum of three specimens should be fatigue tested.
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Three specimens should be adequate to estimate the central

tendency behavior of the TTCIs.

5.5.3.2 Crack Propagation Data

Crack propagation tests are recommended to acquire fatigue

data that can be used to "tune" the crack growth analysis;

i.e., calibrate the load-retardation model parameters. We

recommend that three dog-bone specimens with a preflawed center

hole (open) be fatigue tested to failure using a baseline

environment (e.g., dry air), load spectrum and stress level. The

center hole in each speciman should be preflawed (e.g., 0.01"

corner crack) on one side of the hole - perpendicular to the

applied axial loading. The same specimen type, geometry and hole

preparation details described in Section 5.5.3.1 apply. We

recommend that the fastener holes be preflawed so that the

fatigue crack growth starts from the same initial flaw size and

geomet:r. _f the fastener holes are not preflawed and the

fatigue cracks are allowed to occur naturally, there will

typically be more scatter in the crack growth results.

After the test specimens have been fatigue tested to

failure, the fatigue crack growing from the preflaw should be

evaluated fractograpaically. The crack growth results, obtained

from the fractographic evaluations, provide a practical means for
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calibrating the load - interaction model used. This approach

could be used until more advanced load - interaction models have

been developed which apply to a wide range of load spectra.

5.6 APPLICABILITY OF CORROSION FATIGUE METHODOLOGY TO OTHER

ALUMINUM ALLOYS

The observed independence of fatigue crack growth rate on

frequency (see Fig. 20 and 21) and the essential agreement

between growth rates in moist air and in the aqueous solutions

(see Fig. 22) for the 7075-T7651 aluminum alloy indicate that the

crack growth rates are at their "saturation" level [117,118].

These results are consistent with available data on other 7000

series (Al-Mg-Zn and Al-Mg-Zn-Cu) alloys in the overaged

conditions [119] and on a 2219-T851 (Al-Cu) alloy [120]. They

are also in agreement with a model for corrosion fatigue crack

growth proposed by Weir et al. [117] and Wei and Simmons [118],

where the enhancement in crack growth rate is determined by the

extent of surface reaction at the crack tip, which is limited.

Because the reactions of water/water vapor with aluminum is

very rapid, these reactions are essentially completed at very low

exposures or equivalent exposures (pressure x time) [120]. For

example, at a water vapor pressure of 1.3kPa (corresponding to

about 40% relative humidity at room temperature), the reactions
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5.7.2.2 Scaling of Environmental Effects

If there is no significant synergistic effect between

the mechanical-loading and environment on TTCI for the

7075-T7651 aluminum alloy, the "effect of the -nvironment" on

TTCI can be "scaled". In this section, dry/wet ratios for

TTCI predictions are compared with test results to evaluate

the feasibility of scaling.

TTCI predictions for load spectra A, B, and C including

dry/wet ratios, are summarized in Tables 17 and 18 for

spectra A and B baselines, respectively. The corresponding

average test results for dog-one specimens [24] are shown in

parenthesis. Test results reflect the fast (F) loading

frequency (ref. Tables C-1 and C-2 in Appendix C).

Dry/wet ratios shown in Tables 17 and 18 are based on

predicted amd test TTCI values. The dry/wet ratio statistics

(average value, N=no. of samples, a("x)=standard deviation

and c.o.v) are noted in Tables 17 and 18. The 95% confidence

intervals for the dry/wet ratios, based on the results of

Table 17 are:

o Predicted ave. dry/wet ratio: 1.47 to 1.91

o Test ave. dry/wet ratio: 1.38 to 2.78
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air). Once the strain life analysis has been scaled, the

resulting Kt(0) can then be used to make TTCI predictions for

other load spectra, geometries, % bolt load transfer, stress

levels and environments. The effect of the environment on

the TTCI prediction is reflected in the strain life

allowables used in the strain life analysis.

4. A simple superposition model was used, along with

the stress-strain relationship, to estimate the effective

K t(LT) for a given % bolt load transfer (ref. Appendix F).

t (LT) = t(0)* KT(LT)/K.(O) was used, where Kt(0) =

effective stress concentration factor for the baseline case

("scaled"); K(LT) and Ka-(0) = elastic stress concentration

factor for the given % load transfer and the open hole

configuration, respectively. The effective Kt.(0) value was

ratioed up to account for the effect of the % bolt load

transfer on the stress concentration at the edge of the hole.

5. Once the effective Tt(LT) stress concentration

factor has been defined for a given hole geometry and % bolt

load transfer, the strain life analysis can be used to make

TTCI predictions for other load spectra, stress levels, %

bolt load transfer. The strain life analysis can be

performed for each Kt (LT) value separately to predict TTCI or

the effective Kt versus TTCI relationship described in step 2

above can be used.

119



~ ~ ~ ~ ~ ~ ~ - , . . . . •. . . _ .. - - T _ W77 7 -F ."- W7 I. , 7 . 7

NADC-86126-60-VOL. III

Essential details of the CF crack initiation analysis

are given below and further details are given in Appendix F.

1. Baseline data was used to define the stress strain

relationship. Elastic/plastic strain life allowables for

both dry air and 3.5% NaCl environments were developed using

the modified Coffin Manson approach. Average and upper/lower

bound extremes (strain life allowables) were estimated.

2. Strain life analyses were performed using the strain

life approach and the computer program "BROSE" [451 described

in Appendix E. TTCI predictions were made for three load

spectra ('A", "B", "C") using assumed effective Kt values. A

simple powerlaw was used to determine an effective Kt

relationship.; i.e. Kt = A(TTCI)a. Other functional forms

could also be used.

3. The strain life analysis for spectrum "A" was scaled

using the average TTCI test results for the open hole

specimen, load spectrum "A", dry air environment and

applicable stress level. The analysis was "scaled" by

determining the effective t(0), based on the strain life

analysis results, corresponding to the average TTCI test

result for the baseline case (i.e., open hole, dry air,

spectrum "A"). The basic idea used was this: The strain

life analysis for a given load spectrum and stress level can

be "scaled" using dog-bone specimen test results for a

baseline specimen/hole geometry and environment (e.g., dry

118
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Table 15 Comparison of TTCI Predictions and Test Results (7075-T7651

Aluminum) for Loading Spectrum "B" for Various Cases

SPECIMEN ENVIRONMEN CASE K (LT) TTCI (ai=0.01"; 1000 FLIGHT HOURS)CONF I-GURA T I ON  , I i , f I I !

OPEN HOLE DRY AIR I 3.21 -0---( - --
"

:1 3.'2 t ~-

1Ii 3.02 --- ---- ----

r Test -

3.5% NaC1 I 3.21 - -
II 3.12 - - -

ill 3.02 - --
IV 3.21

Test ---

20% LOAD TRANSFER DRY AIR 1 3.33 -o- -

II 3.24 -0-
III 3.1 i---- ----

11 .14

Test

3.5% NaC1 I 3.33 I --

1I 3.24

IIv 3.3 4-- - - - -

IV 3.33 -

Test

40% LZA-D TRANSFER RY AIR I 3 .42 - O* *

:1 3.33

1II 3.22 -0-

Test

3.5% NaCl I 3.42 - -

1: 3.33

111 3.22 •

IV 3.42--
Test l F|- 4
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TABLE 14 Comparison of TTCI Predictions and Test Results (7075-T7651 Aluminum)
for Loading Spectrum "A" for Various Cases

SPECMEN ENVIRONMENT CASE i (LT) TTCI (a -0.01" 1000 FLI{IT HLOURS)
CONFIGURATION t I (, ,

OPEN HOLE DRY AIR 1 3.21I I 3.12 - -------

III 3.02 I-- -- 0- - -

Test I 0

3.5% NaCI I 3.21 - -

II 3.02 I------
111 3. 02 -.-•4

Test ---- I

20% LOAD TRANSFER DRY AIR I 3.33 "--------4

11 3 .24 -- -- - --- -4
1Ir 3.14 - -

Test0

3.5% NaCI I 3.33 - 4
11 3. 24 - -

III 3.14 -4

IV-- ------.
'i Test

40% LOAD TRANSFER DRY AIR I 3.42

ir 3.33 I---- -

1I1 3.22

Test ----- -

3.5% NaC1 I 3.42

11 3.33

111 3.22 -

I V 3.42

Test

10 50
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5.7.2 CF Crack Initiation Analysis/Results

5.7.2.1 TTCI Predictions and Correlations

TTCI predictions and correlations for the following four

cases are summarized in Tables 14, 15 and 16 for load spectra

"A", "B" and "C", respectively:

o Case I - Strain life analysis calibrated for

baseline spectrum "A" and K t(LT=O)=3.21

(based on dry air environment)

o Case II - Strain life analysis calibrated for

baseline spectrum "A" and K t(LT=O)=3.12

(average based on dry air and 3.5% NaCl

environments)

o Case III - Strain life analysis calibrated for

baseline spectrum "B" and Kt(LT=O)=3.12

(average based on dry air and 3.5% NaCl

environments)

o Case IV - Strain life analysis calibrated for

baseline spectrum "A" with K t(LT=O)=3.21

(based on dry air environment) and an

environmental scaling factor (ESF) = 2.11

(see Appendix F)
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3.5% NaCI environments, (2) Forman crack growth model, (3)

g generalized Willenborg retardation modes, (4) rainflow cycle

counting, (5) an initial flaw size of a0=0.01" (corner

crack), (6) "RXN" crack growth computer program [66, 671, and

(7) a superposition model for determining the stress

% intensity factor for through-stress and bolt hole bearing

stress combinations. Generalized Willenborg model parameters

were based on published values for K th (threshold) and RoS

(overload shut-off ratio) for 7075-T7651 aluminum [122].

2. Basic issues considered in the evaluation of the CF

crack propagation methodology were: (1) accuracy of TFCG

predictions compared with dog-bone specimen test results?,

(2) does the CF methodology track the trends and order of

spectrum severity?, and (3) can the effects of. the

environment TFCG be "scaled"?

3. The affect and sensitivity of the generalized
Willenborg model parameters ( K and R ) on TFCG

-" os

predictions were studied for the open hole configuration.

Both dry air and 3.5% NaCl environments were considered as

well as three load spectra (i.e., "A", "B" and "C").

113
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and results are compared with test result for dog-bone

specimens from Volume IV [241.

2. An environmental scaling factor (ESF) and dry air

TTCI predictions are used to make TTCI predictions for the

3.5 NaCI environment for three specimen configurations (i.e.,

open hole, 20% LT and 40% LT). TTCI predictions are made for

load spectra "A", "B" and "C", and the results are compared

with dog-bone specimen tests from Volume IV [24].

3. Can the effects of the environment on TTCI be "scaled"

(i.e., are the dry/wet ratios independent of load spectra

and load transfer)? To address this question, dry/wet

ratios based on TTCI predictions were compared with those

based on actual test results. The dry/wet ratios provide

the basis for defining the environmental scaling factor (ESF).

4. The effectiveness of the CF crack initiation method-

ology is based on the results for the studies described

above. This also provides a basis for generalizing the

methodology.

5.7.1.2 CF Crack Propagation

1. Time-for-crack-growth (TFCG) predictions were made

for three configurations (i.e., open hole, 20% LT and 40%

LT) , three load spectra (i.e. , "A", "B" and "C", and for

both dry air and 3.5% NaCl environments. Predictions were

based on: (1) da/dN versus AK data for both dry air and
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5.7 EVALUATION OF CORROSION FATIGUE ANALYSIS METHODOLOGY

The corrosion fatigue (CF) analysis methodology for

mechanically-fractured joints was evaluated in two parts:

(1) Crack initiation and (2) crack propagation. Details of

the evaluation, including approach, studies, results and

conclusions are given in this section and selected

appendices. The evaluation is based on dog-bone specimen

test results for 7075-T7651 aluminum from Volume IV [24].

5.7.1 Evaluation Approach

5.7.1.1 CF Crack Initiation

1. The strain life analysis is "scaled" to a baseline

configuration geometry (i.e., open hole)) environment (i.e.,

dry air) and peak load stress level (i.e., 28 ksi) using the

average time-to-crack-initiation (TTCI) test results for

spectrum "A". These results are then used to predict the

TTCI for different configurations (i.e., open hole, 20% LT

and 40% LT), load spectrum ("A", "B" and "C") and environ-

* ments (i.e., dry air and 3.5% NaCI). In a similar manner,

the strain life analysis is scaled using TTCI results for

spectrum "B" and TTCI predictions are made for other load

spectra and configurations. TTCI predictions for the average

and extreme values (upper and lower bound estimates) are made

....., - . . ,. -. - ' ' " " , . , . ' , . .,.- - - - . ..1
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would be completed in about 1 microsecond. Consequently, for

environmental conditions and loading frequencies that are of

practical interest, it is adequate to use the crack growth rate

in water for design and the influence of frequency can be

essentially ignored.

Recent results on 7000 series alloys in the peak-age

condition (specifically 7075-T651) indicated that there could be

a strong effect of water vapor pressure and frequency [119,121).

The additional enhancement in crack growth rate has been

attributed to the further reactions of water with the segregated

magnesium in these alloys [121]. As such, special attention

should be given in applying the recommended methodology to all

magnesium containing alloys in the peak-aged condition. For

these alloys, the growth rates or environmental scaling factors

to be used should be derived from data that have been obtained at

the lowest frequency that may be encountered during service.

* .- - .... . ..
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7075-T7651 Aluminum Alloy
Room Temperature

R-0.05, f -6 HZ 1

0

00

10-5

-0vA

00
z - A

10-0
00 3.0 57 20C +5 302 35

aK (ks i Tn)

''MFig. 22 Effect of Environment on Crack Growth Rates for
7075-T7651 Aluminum Alloy at Room Temperature (R-0O.05
f -6 HZ)
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7075-T7651 Aluminum Alloy
,.2 -Room Temperature
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R - 0.3
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Fig. 21 Effect of Frequency on Crack Growth Rates
for 7075-T7651 Aluminum Alloy Exposed to35
aCI Solution at Room Temperature (R -0.3;
f '.HZ, 0.3HZ, 1 HZ, 3HZ, and 6HZ)
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10

7075-T7651 Aluminum Alloy
Room Temperature
Dry Air 0
R -0.3 0

:-,10 -4  0
00

~ -~ 0

0C . 0

5 m5

10-

..O 0(Ref. 22)

S1-6

A f - 6 HZ

a f - I HZ
0 f - 0.1 HZ

I,. 0" I I i

0 5 10 15 20 25 30

aK (ksi4i2 )

, Fig. 20 Effect of Frequency on Crack Growth Rates for
7075-T7651 Aluminum Alloy in Dry Air at Room
Temperature (R - 0.3; f - 0.1 HZ, I HZ, and 6 HZ)
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5.7.3 CF Crack Propagation Analysis/Results

5.7.3.1 TFGC Predictions and Correlations

Time-for-crack-growth (TFGC) predictions were made for

three load spectra (i.e., "A", "B" and "C") and for three

specimen configurations (i.e., open hole, 20% LT and 40% LT).

The analysis matrix is shown in Table 19.

Predictions and average test results are summarized in Table

20. Average test results are shown in parenthesis in Table

20. Essential details of the analysis are described in

Section 5.7.1.2 and below.

The Forman crack growth model parameters (i.e., n and C)

were determined using a data pooling procedure described in

Appendix B. The following values were used in the Forman

model: n = 2.913, C(dry air) = 4.722 x 10 - 7 (in/cycle) (ksi

C(3.5% NaCl) = 8.551 x 10 -  (in/cycle) (ksi n.)-n

and Kc = 62.5 ksi fln. The Forman crack growth model

accounts for R-ratio. It was found that the Forman model fit

the da/dN versus AK data rather well for different R-ratios

and for both the dry air and 3.5% NaCl environments (ref.

Fig. B7 through B10).

Several load-interaction models were considered

(96-114]. However the generalized Willenborg was selected

for two reasons: (1) the model parameters are independent of

the load spectra and (2) there are published values for the

U123
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Table 20 Summary of TFCG Predictions and Correlations
with Dog-Bone Specimen Test Results for
7075-T7651 Aluminum

(a) , (d) Time-For-Crack-Growth (Flight Hours)

Specimen Spectrum "A" Spectrum "B" Spectrum "C"

Type (b) Dry Air 3.5% NaCl Dry Air 3.5% NaCl Dry Air 3.5% NaCl

Open 3200 1600 7200 3000 11400 6000
Hole (8899) (5762) (7772) (3579) (22538) (9400)
20% LT 1200 400 2100 900 3900 1800

.(10066) (4298) (3737) (3140) (c) (---) (c) (---)
40% LT <400 <400 300 <300 600 300

(13631) (3741) (7622) (2740) (19010) (c) (---)

Notes: (a) XXXX = predicted TFCG; (XXXX) = averaae test result

(b) Ref. Fig. 3 for specimen geometry (D = 0.4375")

(c) No test results available

(d) TFCG predictions based on the "RXN" crack growth
program [67] and the following models and parameters:

o Crack growth model (Forman Equation)

C AK)n
da/dN =

(l-R)Kc - K

C(dry air) = 4.722 x 10-; C(3.5% NaCl) = 8.551 x 10
n - 2.913
K = 62.5 ksi in

o Load-Interaction Model (Generalized Willenborg)

dKth = 1.5 ksi -1i Ref. 122

R = 2.65 (overload shut-off ratio) J
os

o a 0 = 0.01" (corner crack)

o Cycle counting by Rainflow method
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two key parameters in the model for 7075-T7651 aluminum. The

following parameter values were used in the CF crack growth

analysis: AK 1.5 ksi ../ and overload shut-off ratio =i'"" aalysi : th •

R = 2.65 [1221.
os

A state-of-the-art analytical crack growth computer

program ("RXN") [66, 671 was used to make the TFCG

predictions. This proven computer program has been used

extensively by the General Dynamics/Fort Worth Division for

the durability and damage tolerance analysis of metalic

aircraft structures (e.g., 64, 651. Essential features of

the "RXN" program are described in Appendix G. Typical

output fram "RXN" for the TFCG predictions herein is also shown

in Appendix G. Details about the load spectra, including

exceedance comparisons are given in Appendix H.

5.7.3.2 Sensitivity of Willenborg Retardation Model

Parameters

A study was made to determine the effects and

sensitivity of the generalized Willenborg retardation model

parameters ( AK and Ro) on the CF crack propogation
th os

predictions for the open hole configuration. The study was

performed as follows. CF crack growth predictions were made

for the open hole case using the "RXN" computer nrog.am [67].

Predictions were made using selected values for AKth and

overload shut-off ratio for load spectra "A", "B" and "C" and

for both dry air and 3.5% NaCI environments. Results of the

126
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sensitivity study are summarized in Table 21. Plots of the

overload shut-off ratio versus time-for-crack-growth (TFCG)

are shown in Fig. 23 for load spectra "A", "B" and "C".

5.7.3.3 Scaling of Environmental Effects

If there is no significant synergistic effect beteen the

mechanical-loading and the environment on crack propagation

for the 7075-T7651 aluminum alloy, the "effect of the

environment" on crack propogation can be "scaled". Dry/wet

ratios for TFCG predictions are compared with test results to

evaluate the feasibility of scaling the environmental effect.

TFCG predictions for 7075-T7651 aluminum dog-bone

specimens and average test results are summarized in Table 20

for both dry air and 3.5% NaCI environments, load spectra

"A", "B" and "C" and three specimen configurations (i.e.,

open hole, 20% LT and 40% LT).

The following statistics for the dry/wet ratio are based

on the results shown in Table 20:

o Predicted: ave. dry/wet ratio = 2.26 (N=7; "(x)=0.375;

C.O.V.=16.6%)

o Test: ave. dry/wet ratio = 2.29 (N=7; (x)=0.802;

C.O.V.=34.9%)
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The 95% confidence interval for the (dry/wet) ratio, based on

seven results each from Table 20, was found to be 1.91 and 2.61

and 1.55 and 3.03 for the predicted and experimental results,

respectively.

5.7.4 Conclusions and Recommendations

The CF analysis methodology for crack initiation and for

crack propagation described in this report is recommended for

application to 7000 series aluminum alloys in the over-aged

condition. Special attention should be given to the

application of the CF methodology to magnesium containing

alloys in the peak-aged condition. For these alloys, the

crack growth rates or environmental scaling factors (ESF)

used should be based on data acquired at the lowest frequency

that may be encountered in service.

Specific conclusions and observations about the CF crack

initiation and CF crack propagation methodology, including

problems requiring further research are discussed in the

following subsections. CF crack initiation and CF crack

propagation discussions are treated separately.

5.7.4.1 CF Crack Initiation Methodology

The following conclusions, discussions and recommen-

dations are based on the results presented in Section 5.7.2,

Appendix F and other results obtained under this program:
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1. The TTCI predictions for load spectra "A", "B" and

"C" respectively, shown in Tables 14-16 compare reasonably

well with applicable average test results. In general, the

TTCI predictions are smaller than the average test results.

Also, the range of the predicted TTCI extreme values

(estimated) are typically larger than the comparable range

based on the low/high test results (see Tables 14-16).

2. The strain life analysis can be "scaled" to the olden

hole configuration (dry air environment) for a given load

spectrum and the results can be used to make reasonable TTCI

predictions for different configurations (i.e., open hole,

20% LT and 40% LT), environment (i.e., 3.5% NaCl) and load

spectra. Reference Table 14-16.

3. The CF crack initiation predictions for the three

load spectra considered were correctly ranked in the order

of severity. Thus, the CF crack initiation methodology is

promising for screening and ranking different load spectra.

4. Reasonable TTCI predictions for the 3.5% NaCl

environment were obtained using TTCI predictions for dry air

and an environmental scaling factor (ESF). Reference

Appendix F for further details .

5. The effects of environment on TTCI can be "scaled".

This is based on the fact that the-average dry/wet ratio

based on TTCI predictions compared very well with the average
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dry/wet ratio based on actual test results. For example, the

average dry/wet ratio based on predicted TTCIs was 1.69

(spectrum A baseline; ref. Table 17). The average dry/wet

ratio based on test results was 2.08.

6. It was interesting to note that the coefficient of

variation (C.O.V.) for the average dry/wet ratio, based on

predictions, was virtually the same for both TTCI and TFCG.

For example the C.O.V. for the average dry/wet ratio was

15.4% (Table 17) and 16.6% (Table 20) for TTCI and TFCG

predictions, respectively.

7. The C.O.V. for the average dry/wet ratio based on

test results was virtually the same for both TTCI and TFCG

test results. For example, the C.O.V. for the average dry/

wet ratio was 36.4% (Table 11) and 34.9% (Table 20) for TTCI

and TFCG test results, respectively. Also, the C.O.V. for

the average dry/wet ratio based on TTCI or TFCG predictions

was approximately one-half of the C.O.V. based on test

results.

8. Strain life allowables (see Fig. 15, Frame D) should

be acquired for both dry air and 3.5% NaCI environments to

implement the CF crack initiation methodology until further

experience and understanding is acquired on the effects of

the environment on the strain life allowables over the high

and low strain regimes. For preliminary CF analysis

purposes, the TTCI prediction for a 3.5% NaCl environment can
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be estimated from the dry air environment prediction as

follows: TTCI (wet) = TTCI (Dry Air)/ESF. The environmental

scaling factor based on test results for similar alloys. The

ESF is independent of load spectra and configuration (e.g.

open hole, bolt-in-hole or % bolt load transfer).

Furthermore, no significant differences in the environmental

scaling factors for either constant amplitude orspectrum

loading test results were found. This is very encouraging

and suggests that the ESF is a practical means for making wet

environment predictions based on dry air predictions.

9. The effects of both load transfer on CF crack

initiation in fastener holes need to be investigated further

to better understand the effects of fastener type/fit and

bearing stress in the hole on the determination of the

effective stress concentration factor, t(LT) (see Fig. 15,

Frame G and Section 5.3.1). Also, the effects of initial

hole quality on CF crack initiation should be accounted for.

10. A minimum of three dog-bone specimens with an open

hole (without intentional preflaws) should be fatigue tested

in dry air using a baseline spectrum and maximum stress level

to acquire TTCI data. Sucn tests are relatively inexpensive

and the results are invaluable for scaling the strain life

analysis. The open hole, rather than a bolt-in-hole

configuration is recommended because: (1) it's generally more

conservative to ignore the possible restraint provided by the

bolt in the hole and (2) some degree of conservatism is
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justified in view of the typically large scatter exhibited in

corrosion fatigue test results in a 3.5% NaCI environment.

5.7.4.2 CF Crack Propagation Methodology

Conclusions, recommendations and discussions on the CF

crack propagation methodology are as follows:

1. The CF crack propagation predictions for 7075-T7651

aluminum dog-bone specimens correctly predicted the " trends

and "ranking" of the experimental test results very well for

three different load spectra (see Table 20). However, there

was a general lack of correlation between the TFCG

predictions and the average test results. This lack of

correlation is attributed to the retardation model used

(generalized Willenborg) rather than the basic CF crack

propagation methodology. Unfortunately, none of the

retardation models currently available can be calibrated

using basic material data and the results be applied, with a

high degree of confiaence, to any load spectra irrespective

of the loading sequence, multiple overloads (tension and

compression) and number of loading cycles.

2. Since the effect of loading frequency on da/dN

versus AK data is not significant for the 7000 series

aluminum alloy in the over-aged condition, the da/dN versus

AK experimental data can be acquired using a fast loading

frequency (e.g., 10 HZ-20HZ) . However, for all magnesium
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Recent results for 7000 series alloys in the peak-aged

condition (specifically 7075-T651) indicated that there could

be a strong effect of water vapor pressure and frequency

[119, 121]. The additional enhancement in crack growth rate

has been attributed to the further reactions of water with

t"-e segregated magnesium in these alloys [121] . Therefore,

special attention should be given in applying the recommended

CF methodology to all magnesium containing alloys in the

peak-aged condition. For these alloys, the growth rates or

environmental scaling factors to be used should be derived

from data that have been obtained at the lowest frequency

that may be encountered during service.

7.1.2 Titanium Research

The effect of frequency on fatigue crack growth in a

beta annealed Ti-6AI-4V alloy in 3.5% NaCi solution at room

temperature was investigated (see Vol. V [23]). It was found

that: (1) crack growth rates are a complex function of

frequency and K level, (2) crack growth enhancement appeared

to result from the formation and rupture of a hydride phase,

(3) the effect of hold-time at maximum load is compatible

with the observed frequency dependence, and (4) the

environment can interact with the applied load to influence

the so-called delay in fatigue crack growth following a high

load excursion. Due to the complex dependency of the

corrosion fatigue crack growth rates on both frequency and K
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Whatever crack growth model is used, it should account

for R-ratio and it should be justified for a range of

R-ratios applicable to the given load spectrum. The effect

of environment is reflected in the da/dN versus K data and a

suitable crack growth model is "best fitted" to the

applicable data. Data pooling procedures are recommended for

calibrating the crack growth model parameters (see Appendix

B) to put the parameters on a comparable baseline and to

drive the variance in the da/dN versus AK data into a single

parameter.

There is no additional enhancement in crack growth due

to the environment effect as a result of compression loading

cycles. For a ductile aluminum alloy, such as we considered

under this program (i.e., 7075-T7651), the fatigue crack

tends to close under compressive loading. Because of this

phenomena, there is uncertainty about handling the effects of

compressive loads in spectrum crack growth analyses.

The effect of specimen preconditioning (preloading and

presoaking in 3.5% NaCI solution at room temperature) was

more pronounced for CF crack initiation than for crack

propagation. After a certain pre-exposure time, a saturation

point may be reached at which there is no further effect of

pre-exposure on the resulting CF fatigue life. This aspect

needs to be further investigated.
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(5.) a superposition method for determining the stress

intensity factor for the combined through stress and bolt

hole bearing stress case.

It is concluded that the CF analysis methodology is

adequate for the 7000 series aluminum alloys in the over-aged

condition. Since no significant synergistic effect between

loading and environment was observed for this alloy, strain

life allowables for CF crack initiation analysis and da/dN

versus AK data for the CF crack propagation analysis can be

acquired using a fast loading frequency. This simplifies

things considerably because the crack growth model used can

be independent of the environment. Furthermore, the load

retardation model fo. this alloy can be independent of the

environment. It has been shown, based on both constant

amplitude and spectrum fatigue test results, that the effect

of the environment in CF crack initiation and CF crack

propagation can be "scaled". The environmental scaling

factor (ESF) was found to be very consistent for both CF

crack initiation and crack propagation. An average ESF of

appropximately 2.0 was typically observed with the 95%

confidence interval ranging from approximately 1.5 to 3.0.

It is promising and reasonable to make CF crack initiation

and crack propagation predictions based on a dry air

environment and a suitable ESF. This aspect needs to be

further investigated.
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acquired using a minimum of three specimens each for crack

initiation and for crack propagation. Spectrum fatigue data

can also be used to justify the CF analysis for other load

spectra, stress levels, environments, geometries, etc. Dog-

bone specimen spectrum data are recommended for scaling the

CF crack propagation analysis until suitable load-retardation

models have been developed and verified for applications to

any load spectra.

The CF analysis methodology has been evaluated for

7075-T7651 aluminum, two environments (i.e., dry air and 3.5%

NaCl), three load spectra, and three different % bolt load

transfers (i.e., 0%, 20% and 40%). The CF crack initiation

predictions compared reasonably well with dog-bone specimen

fatigue test results for three load spectra and two environ-

ments (dry air and 3.5% NaCl). CF crack propagation predic-

tions correctly predicted the trends in the dog-bone specimen

test results and correctly ranked the three load spectra.

However, the CF crack propagation predictions did not, in

general, agree with average test results. This lack of

agreement is attributed mainly to an inadequate

load-retardation model.

The CF crack propagation predictions were based on: (1)

the RXN crack growth program [66, 67] , (2) the Forman crack

growth model, (3) the generalized Willenborg load-retardation

model, (4) an initial crack size of 0.01" (corner flaw) and
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To implement the methodology, the following experimental

data is required: (1) cyclic stress-strain, (2) strain life

allowables for both dry air and 3.5% NaCl environments based

on smooth un-notched strain-controlled specimens,

(3) constant amplitude da/dn versus 4K data based on compact

tension or center-cracked-tension specimens for both dry air

and 3.5% NaCl environments, and (4) spectrum fatigue data for

a baseline specimen configuration/geometry, load spectra,

stress level and environment (e.g., dry air) acquired using

dog-bone specimens with a center hole.

Spectrum fatigue data should be acquired using dog-bone

specimens with an open hole. An "open hole" specimen is

recommended because: (1) the effect of a fastener in the

hole on CF life varies depending on the fastener/hole fit,

and (2) there is typically large scatter in CF test results.

Therefore, a degree of conservatism is justified in view of

the above and other uncertaintities.

Crack initiation dog-bone specimens should be spectrum

fatigue tested with no intentional preflaw in the center hole

so that cracks can originate naturally. For crack

propagation tests, the specimens should be spectrum fatigue

tested using a corner flaw in the fastener hole (e.g.,

0.01"). Spectrum fatigue test data provides the basis for

"scaling" or "tuning" the CF crack initiation and crack

propagation analyses. These data can be economically
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SECTION VII

CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

The major conclusions of this investigation for both

7075-T7651 aluminum alloy and beta annealed Ti-6A1-4V alloy

are summarized below. Further conclusions about the effects

of specific test variables on corrosion fatigue for the

aluminum alloy are given in Section IV and Appendices A - D

in this Volume (III) and in volume I [221. The titanium

research is documented in Volume V [23] ; highlights are

discussed in Section VI (Vol. III) and overall conclusions

are summarized in this section.

7.1.1 CF Methodology/Aluminum Research

A reasonable corrosion fatigue (CF) analysis methodology

has been developed for mechanically-fastened joints and it

has been evaluated for 7000 series aluminum alloy appli-

cations. The methodology includes the strain-life approach

for predicting the time-to-crack-initiation (TTCI) and the

deterministic crack growth approach for predicting crack

propagation.
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following a high load excursion (116]. Specifically delay,

defined as the number of cycles of loading before the rate of

fatigue crack growth recovers to its steady-state value, is a

complex function of K level, overload ratio, the number of

overload cycles and the duration of each overload. The

spectrum-load fatigue life, therefore, is expected to be a

complex function of frequency, load level and load sequence.

The amount of data that would be required to make life

predictions, using one of the available cycle-by-cycle

procedures, is prohibitively large. Development of novel

procedures that can incorporate the combined load/environment

interactions on an integrated or an average basis must be

considered, and is recommended for future research.

i
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rupture of a hydride phase. The formation of hydrides is

Sknown to a function of strain, and is apparently a strong

function of strain rate.

I Based on these experimental observations, the corrosion

fatigue crack growth response of beta annealed Ti-6A1-4V

alloy in 3.5% NaCl solution, at room temperature, is

interpreted in terms of control by hydrogen diffusion to the

"fracture process zone" at frequencies below that for the

maximum rate at each K level and of a critical strain rate

required for hydride formation in the crack tip region.

Reductions in frequency below that required to produce a

maximum in crack growth rate lowered the effective crack tip

strain rate below an apparent "critical" value, whereby

hydrides could not be formed and embrittlement ceased.

5 6.3 IMPLICATIONS OF TITANIUM ALLOY RESPONSE ON CORROSION

FATIGUE LIFE PREDICTION METHODS

The observed complex dependency c corrosion fatigue

crack growth rates on both frequency and K level makes it

nearly impossible to formulate an effective life prediction

procedure for the titanium alloys at this time. Furthermore,

the environment can also interact with the applied load to
,.
,A" influence the so-called delay in fatigue crack growth
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Fig. 24 The influence of frequency on fatigue crack
growth rate of beta-annealed Ti-6Al-4V
alloy in 3.5% NaCi solution at room temper-
ature (R =0.05).
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6.2 EFFECT OF FREQUENCY ON FATIGUE CRACK GROWTH

The results showed that fatigue crack growth rates in

* the beta annealed Ti-6A1-4V alloy increased with decreasing

frequency, and then decreased rapidly with further decreases

in frequency, reaching rates that are commensurate with those

*_ in an inert reference environment (for example, in vacuum).

The frequency at which the crack growth rates reached a

maximum depended on the K level, and was found to be

proportional to (AK)3

For example, at AK = 22 MPa-4-m (or 20 ksi -in) and R =

0.05, the crack growth rate increased from about 5 x 10-

m/cycle (or 2 x 10- 5 in./cycle) at 10 Hz to its maximum of

about 8 x 10 m/cycle (or 3.2 x 10 in../cycle) at about 2

Hz, and then decreasing to about 1.3 x 10 - m/cycle (or 5 x

10 - 6 in./cycle) at 0.1 Hz (Ref. Fig. 15). At AK = 44 MPa-4m

(or 40 ksi-i-), the frequency for the maximum in growth rate

was shifted to about 0.4 Hz, and that for the minimum rate

was shifted to below 0.03 Hz. The effect of hold-time at

- maximum load is compatible with the observed frequency

dependence.

The fracture surface morphology also showed strong

dependence on frequency and K level, and suggested that the

enhancement of crack growth resulted from the formation and
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CF crack propagation (TFCG) life. The deleterious effect of

preconditioning is believed to be the result of surface

damage produced by fatigue assisted corrosion (e.g., pitting)

the irregular nature of the damage is reflected in the

considerable scatter observed in the experimental results for

preconditioned specimens.

Further research is required to resolve the following

issues on preconditioning: (1) how long should test

specimens be pre-exposed to a 3.5% NaCl environment to reach

a saturation point where pre-exposure no longer reduces CF

life? (2) how can specimen preconditioning be directly

related to actual in-service conditions, and (3) realistic

accelerated corrosion fatigue testing procedures are needed.

-o13
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TFCG predictions correctly rank the three load spectra

considered according to severity.

8. Preconditioning - Fastener holes in exterior

surfaces of in-service aircraft are particularly susceptible

to corrosion-related problems when the paint or protective

coating is broken. The protective coating may be broken by a

combination of service loading, weartemperature, etc. Once

the protective barrier has been broken, the metal surfaces

are exposed to corrosive attack. Specimens can be pre-

conditioned to simulate a break in the protective coating and

the subsequent effect of surface exposure to a corrosive

environment (e.g., 3.5% NaCl).

Methods have been developed and evaluated for pre-

conditioning test specimens by Wanhill and LeLuccia (16,

191. Selected dog-bone specimens were preconditioned and

then fatigue tested under this program using the general

procedure described in Ref. 16. Dog-bone specimens were

preconditioned by exposing them to 72 hours of 3.5% NaCI

solution (constant immersion) following one 300 or 400 hour

block of fatigue loading. Only dog-bone specimens were pre-

conditioned. After preconditioning the specimens, they were

fatigue tested the same way as un-preconditioned specimens

(see Vol. IV [24]).

The dog-bone specimen test results showed that pre-

conditioning significantly reduced the CF time-to-crack-

initiation (TTCI) life but it had a negligible effect on the

~137
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used.

6. It has been shown herein, that the effects of the

environment on the CF crack propagation can be "scaled" for

the 7000 series aluminum alloys in the over-aged condition.

For example, in Table 20 the average dry/wet ratio for TFCG

predictions and test results was 2.26 and 2.29, respectively.

This strongly suggests that the effect of the environment on

CF crack propagation can be accounted for in the baseline

da/dN versus dK data for the applicable environment. It is

interesting to note that the average dry/wet ratio for TTCI

predictions was 1.69 (see Table 17) and that for TFCG

predictions was 2.26. Similarly, the average dry/wet ratio

for TTCI test results was 2.09 (see Table 17) and that for

TFCG test results was 2.29. Although corrosion fatigue test

results typically exhibit considerable scatter, the "scaling"

factors for accounting for the environmental effect are very

comparable for both CF crack initiation and CF crack

propagation.

7. The modified Willenborg retardation model was used

to make TFCG predictions in this report. A study was made to

determine the effect and sensitivity of the AKth (threshold)

and overload a shut-off ratio (Ros) on the TFCG predictions.

The results shown in Table 20 show that: (1) the

effects of the environment on TFCG predictions correctly

* -scale as borne out by the dry/wet test results and (2) the
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*containing alloys in the peak-aged condition, the crack growth

data should be acquired at the lowest loading frequency expected

in service.

3. Further research is needed to develop a mechanistic-

based retardation model that generally applies to widely

different load spectra. Ideally, the applicable model

parameters should be definable using basic material data

rather than spectrum data. Until an improved retardation

model is developed and proven it is recommended that a

minimum of three dog-bone specimens with a center hole (0.01"

corner preflaw) be fatigue tested using a baseline spectrum

to acquire data that can be used to calibrate the retardation

model used. Such tests are relatively inexpensive and the

payoff is increased confidence in the CF crack propagation

predictions.

4. The retardation model and the crack growth model

used to implement the CF crack propagation methodology should

be independent of the environment. Edwalds et al [130] found

that crack closure behavior was independent of environment

for 2024-T3 aluminum. The crack growth model can be

calibrated using da/dN versus AK data for a dry air

environment and for other environments (e.g., 3.5% NaCl).

5. In any case, the crack growth model used to

implement the CF crack propagation methodology should account

for R-ratio. Also, the calibrated model should apply to a

range of R-ratios that are applicable to the load spectrum
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level, it is nearly impossible to formulate an effective life

prediction procedure for the titanium alloys at this time.

7.2 RECOMMENDATIONS

The following research is recommended:

1. Develop an improved load-retardation model which

applies to any load spectra. The model should account for

load sequence, both tension and compression overloads,

multiple overloads, and the number of loading cycles.

Ideally, the model parameters can be calibrated using basic

material data independent of load spectra and the model can

be applied to any load spectra without having to generate a

new data base for each load spectrum.

2. This program was concerned with straight bore

fastener holes with clearance-fit steel bolts with protruding

heads. The CF behavior of countersunk fastener holes should

also be investigated and the CF analysis methodology

described in Section V should be evaluated for application to

' countersunk fastener holes.

3. The CF analysis methodology described in Section V

has been evaluated considering the most fundamental elements

*of a mechanically-fastened joint (i.e., hole, bolt and bolt

load transfer. An evaluation of the CF analysis methodology
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for applications to more complex mechanically-fastened joints

should be investigated.

4. In practice, the amount of bolt load transfer in metallic aircraft

joints usually depends on factors, such as the fastener type and

fit, the stiffness of the mating elements and the applied

load level. Under this program spectrum fatigue tests were

performed using dog-bone specimens with a fixed amount of

bolt load transfer (i.e. ram load introduced directly into

bolt to control the amount of load transfer). The effect of

a variable % bolt load transfer in a mechanically-fastened

joint on CF crack initiation and crack propagation life

should be investigated and the CF analysis methodology

refined (if necessary) to account for this effect.

5. Investigate the environmental pre-exposure time

required to reach a saturation point where the effect of the

pre-exposure (i.e., 3.5% NaCl solution at room temperature)

no longer has a significant effect on crack initiation and

crack propagation life. This investigation should be

performed using an over-aged and peak-aged aluminum alloy

such as 7075-T7651 and 7075-T651, respectively. General

guidelines for specimen preconditioning need to be further

developed and evaluated for implementing the recommended CF

analysis methodology.

6. The effect of strain-controlled specimen precondi-
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tioning (i.e., precycling and pre-exposure to a 3.5% NaCl

solution at room temperature) on strain life allowables and

CF crack initiation life should be investigated.

7. Since the crack growth rate for the beta annealed

Ti-6AI-4V alloy depends on both frequency and K level, an

effective CF life prediction procedure cannot be formulated

at this time. Novel procedures should be developed that can

incorporate the combined load/environment interactions on an

integrated or average basis into the CF crack propagation

prediction method for the beta annealed Ti-6AI-4V alloy.
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APPENDIX A

MATERIAL CONSTANTS FOR IMPLEMENTING

THE STRAIN-LIFE APPROACH

FOR CRACK INITIATION

A.l INTRODUCTION

Material constants for 7075-T7651 aluminum that are needed

to implement the strain-life analysis for predicting the time-

to-crack-initiation are presented herein. Procedures are des-

cribed tor computing the material constants from the experimen-

tal data. Constants are presented for the cwclic stress-strain

relationship and for the modified Coffin-Manson strain-life

equation.

A.2 CYCLIC STRESS-STRAIN RELATIONSHIP

A cyclic stress-strain relationship is needed to determine

the local stress and strain at the notch using Neuber's rule

[48]. The empirical expression, given in Eq. A-l, provides the

relationship between local stresses and strains. In Eq. A-1:

T= local stress (ksi), E = modulus of elasticity (ksi), n -

cyclic strain hardening exponent and K = cyclic strength

c,3efficient (ksi).

A-1



NADC-83126-60-Vol. III

, ,

The constants n and K in Eq. A-i can be determined from

the applicable cyclic stress-strain curve. Such a curve is

shown in Fig. A-i for 7075-T7651 aluminum [28]. The first term

in Eq. A-i, W/E, is the elastic strain relationship and the

1/n
second term, (o/K') / is the relationship for plastic strain.

The plastic strain can be determined from the cyclic

stress-strain curve (Fig. A-I) by subtracting the elast-c

strain from the total strain. The resulting plastic strain
i I

results can then be used to determine the constants n and K

in Eq. A-i using the expression for plastic strain, £ p

I/n!
nK (A-2)

Equation A-2 can be transformed into a linear least squares fit

form by taking the log of both sides of the equation as follows

log Cp = i/n' log(d'/K') -n log Y- n' log K (A-3)

A-2
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using the cyclic stress-strain curve of Fig. A-I and Eq. A-3,

the following results were obtained using a least squares fit:

I I I

n = 0.103, K = 104.9 ksi. The meaning of the constants n

and K is illustrated in Fig. A-2.

A.3 CONSTANTS FOR MODIFIED COFFIN-MANSON EQUATION

The constants b, c, ((f/E) and f in the modified

Coffin-Manson expression, Eq. A-4, are determined in this sec-

tion for 7075-T7651 aluminum for both dry air and 3.5% NaCI

environment.

~=c +
e p

b + (A-4)

= (f/E) (2N i ) b + f (2N )c 
(

Elastic Plastic

In Eq. A-4, Le = elastic strain amplitude (in/in), Ep= plastic

strain amplitude (in/in) , =rf fatigue strength coefficient

(ksi), E = modulus of elasticity (ksi), 2N. = number of rever-

sals to crack initiation, b a fatigue strength exponent, f -

fatigue ductility coefficient (in/in) and c = fatigue ductility

exponent.

A-4
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The strain-life results from the strain-controlled tests

performed in Phase II are presented in Tables A-I and A-2 for

dry air/lab air and 3.5% NaCI solution, respectively. The

total strain amplitude is approximated by elastic and plastic

segments as follows, where AE Ae + A/

T/2 e/2 p/2*

A = (/)(2Nib (A-5)
e/2 /

t, e (2Ni ) c (A-6)
p/2 f

Equations A-5 and A-6 can be transformed into a linear least

squares fit form as follows:

log A e/ 2 = log(0f/E) + b log(2N i ) (A-7)

log AEp/2 =log Ef + c log(2N i ) (A-8)

The constants b, c, (a;/E) and e in Eqs. A-5 and A-6 were

determined using Eqs. A-7 and A-8 and the applicable strain

life results from Tables A-I and A-2.

A-6
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TABLE A-I SUMMARY OF STRAIN-LIFE RESULTS FOR

7075-T7651 ALUMINUM IN DRY AIR AND LAB AIR

SPECIMEN N FREQ. ENVIRONMENT A~e/2 Aep/ 2  ACT/2 2Ni
(HZ) (IN/IN) (IN/IN) (IN/IN) (REVERSALS)

40CS 5 DRY AIR .00370 .0037 183200

12CS 2 DRY AIR .00420 .0042 57660

6CS 2 LAB AIR .00420 .0042 55400

39CS 5 DRY AIR .00496 .0050 23600

29CS 0.5 .00510 .0051 18800

31CS 2 .00530 .0053 14000

20CS 2 .00520 -- .0052 13600

7CS 0.5 .00594 .00006 .0060 8380

37CS .00658 .00012 .0067 3820

43CS .00680 .00030 .0071 1760
17CS .00690 .00050 .0074 1800
21CS .00786 .00104 .0089 920

46CS 0.5 .00803 .00097 .0090 860
51CS 0.1 .00788 .00112 .0090 860
28CS 5 .00802 .00178 .0098 700

13CS 0.5 .00860 .00180 .0104 680

18CS .01003 .00277 .0128 420
8CS DRY AIR .00907 .00233 .0114 420

4CS LAB AIR .00955 .00395 .0135 300
24CS DRY AIR .01117 .00513 .0163 200

19CS LAB AIR .01164 .00596 .0170 220
52CS 0.5 DRY AIR .01210 .00810 .0202 110

NOTES: Aee/2 7 Total elastic strain amplitude

ACp/2 - Total elastic strain amplitude

AET/2 = Total strain amplitude

2Ni = Number of reversals to initiate
a crack depth of a0 = 0.010"

Ref. Vol. IV (24] Test Results
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TABLE A-2 SUMMARY OF STRAIN-LIFE RESULTS FOR 7075-T7651 ALUMINUM
IN 3.5% NaCI SOLUTION AT ROOM TEMPERATURE

FREQ. £e/2 £p/2 AST/22N
SPECIMEN NO. FE.ENVIRONMENT A-/ ~/ C/ N

(HZ) (IN/IN) (IN/IN) (IN/IN) (REVERSALS)

49CS 5 3.5% NaCI .00270 .0027 213000

48CS 5 .00290 .0029 109060
42CS 5 .00310 .0031 81120
38CS 2 .00330 .0033 66700
47CS 5 .00370 .0037 49260
34CS 2 .00380 .0038 43680

30CS 2 .00370 .0037 33660

liCS 2 .00430 .0043 38100
15CS .00430 .0043 22080
35CS 2 .00450 .0045 16740
22CS 2 .00520 -- .0052 9740
32CS 0.5 .00519 .00001 .00520 9160
33CS 5 .00527 .00003 .00530 7020
9CS 0.5 .00583 .00007 .00590 3820

16CS 2 .00635 .00015 .00650 2280
44CS 0.5 .00631 .00029 .00660 1380
36CS 0 .00792 .00068 .00860 850
45CS 0 .00795 .00105 .00900 640
23CS .00786 .00104 .00890 580
14CS 0.00818 .00162 .00980 480
10CS .00950 .00300 .01250 300
26CS .01136 .00490 .01630 1-0
41CS 3.5% NaCI .01220 .00800 .02020 88

NOTES: ee/2 = Total elastic strain amplitude

'I p/2 = Total plastic strain amplitude

A T/2 = Total strain amplitude

2Ni  Number of reversals to initiate a crack
depth of ao - 0.010"

Ref. Vol IV [24] Test Results
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The strain life-results for dry air and 3.5% NaCI solution

are plotted in Figs. A-3 and A-4, respectively. Applicable

constants are also shown for 50% confidence for both elastic

and plastic strain amplitudes.

A 95% scatter band was also estimated for the elastic and

plastic strain amplitude segments using correlation theory

[e.g., 78]. The scatter band was determined assuming the

applicable "b" and "c" constants in Eqs. A-7 and A-8 were fixed

for any percentile and the strain amplitude variance was fixed

for both the elastic and plastic strain segments. The standard

error of estimate of the population of applicable sample strain

amplitudes was determined using Eq. A-9.

^yX E Y- YEST) 2
N-2

In Eq. A-9, y = log &e/2 (elastic) or logap/2 (plastic), YEST
I I

log (a ) b log(2N i) (elastic)or logsf + c log(2N.)
f /E f. 1

(Plastic), N = strain amplitude sample size. Strain amplitude

for selected probabilities (i.e., P = .025 and P = 0.975) were

determined using Eqs. A-10 through A-12.

y.x (A-10)

A-9
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logA e/2 ( log(af/E) + b log (2N i ) ± Z S (A-l)

log / 2 =( log(f) + c log (2N i ) ± Z Sy.x (A-12)

In Eq. A-10, W = mean log (A e/2) or mean log (Aep) , Z =

number of standard deviations from the mean and S = standardy.x

error of estimate for log strain amplitude sample. For a 95%

scatter band, Z = 1.96. Using Eq. A-il and Z = 1.96, the

Ae/2 value corresponding to the 2.5 and 97.5 percentiles can

be determined. The same information can be determined for

A p/2 using Eq. A-12 and Z = 1.96.

The es'imated 95% scatter bands for the elastic and plas-

tic strain amplitude segments are shown in Figs. A-3 and A-4

for dry air and 3.5% NaCl solution, respectively. Coffin-

Manson constants are summarized in Table A-3, including the

(O f/) and E values corresponding to the upper and lower
f/Ef

bounds of the 95% scatter band.

Total strain amplitude experimpntal results are plotted in

Figs. A-5 and A-6 for dry air an' for 3.5% NaCl solution, res-

pectively. Empirical total strain amplitude curves for P =

0.50 are also plotted. These plots are based on' the applicable

constants shown in Table A-3.

A-10
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TABLE A-3 SUMMARY OF STRAIN-LIFE CONSTANTS FOR
BOTH DRY AIR AND 3.5% NaCl SOLUTION

P=.975 P=.50 P=.025

95% SCATTER BAND-

ENVIRONMENT CONSTANT

DRY AIR (a/).02191 .02403 .02636

f b - -. 1585 -

Cf 2.0957 3.4142 5.5619

DRY AIR c - -1.2049 -

3.5% NaCi ((;,E .02471 .02742 .03426'

I b -- -.1878 -

Cf3.6919 7.0381 13.4168

3.5% NaCi c -- -1.4047 -

A-15
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APPENDIX B

EVALUATION OF DA/DN VERSUS AK EXPERIMENTAL DATA

AND CRACK GROWTH MODELS FOR 7075-T7651 ALUMINUM

B.1 INTRODUCTION

The studies herein provide the basis for selecting a

"suitable" crack growth model to be used later to make corro-

sion fatigue crack growth analysis predictions. The purpose of

this appendix is to evaluate the da/dN data from Phase I for

application in the crack growth analyses and in particular to:

I
1. Fit the Paris crack growth model parameters in Eq. B-I

using da/dN versus 4K data for 7075-T7651 aluminum from Phase I

[85,86]. In Eq. B-1, da/dN = crack growth rate (in./cycle), C

and m are empirical constants and 4K is the stress intensity

range.

da/dN = C(4K)m (B-I)

2. Study the influence of various factors (e.g., R ratio,

loading frequency and environment) on the Paris crack growth

model parameters m and C in Eq. B-I.

B-2
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3. Evaluate the empirical crack growth parameters (C1 , C 2

and m1 in the two-segment superposition model [27] of Eq. B-2

and correlate experimental and predicted results. In Eq. B-2,

(da/dN)e = rate of fatigue crack growth in an aggressive envir-

onment, (da/dN)r = rate of fatigue crack growth in an inert

environment and (da/dN)cf = cycle-dependent corrosion fatigue

crack growth rate.

(da/dN) e = (da/dN) r+ (da/dN)cf

(B-2)

= C1 (AK)m 1 + C2 (AK)

Dry Air

4. Evaluate the Forman crack growth model parameters in

Eq. B-3 (i.e., n and C) and study the effects of R-ratio and

environment on da/dN. Also, investigate the use of da/dN

versus aK data for one R-ratio to make predictions for another

R-ratio and goodness-of-fit.

da/dN = C(AK)nA(I-R)Kc - AK) (B-3)

In Eq. B-3, da/dN = crack growth rate (in./cycle), C and n are

empirical constants, R = stress ratio, Kc = critical stress

intensity factor and dK = stress intensity range.

B-3
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There are usually many different R-ratios in a loading

spectrum and the effects of the R-ratio on the corrosion fati-

gue crack growth predictions must be accounted for. Various

crack growth models have been proposed which account for the

effects of the R-ratio on the crack growth rate; e.g., Forman

[87] , Modified Forman [88] , Collipriest (89] , Walker - AK [90]

and Badaliance [911. To minimize da/dN versus AK data require-

ments for different R-ratios and environments, the ideal crack

growth model would be one that could be calibrated using da/dN

versus AK data for one or more R-ratios and the model could

then be used to predict da/dN for selected AKs for a practical

range of R-ratios.

Experimental results for da/dN versus AK for 7075-T7651

aluminum from the Phase I effort [22] are presented in Tables

B-1 through B-4 for dry air (R = .05), 3.5% NaCl (R = .05), dry

air (R = .3), and 3.5% NaCl (R = .3), respectively. These

results are used for the evaluations herein.

B.2 EVALUATION OF PARIS CRACK GROWTH MODEL

The Paris crack growth model parameters m and C in Eq. B-i

were fitted herein using the da/dN versus L4K data presented in

Tables B-i through B-4.

B-4
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TABLE B-I da/dN VERSUS aK RESULTS FOR 7075-T7651 ALUMINUM
IN DRY AIR (R =0.05; f=0.1 HZ, 1 HZ, 6 HZ)

ENVIRONMENT R FREQ. A K da/dN x 106

(HZ) (ksi-/I) (In./Cycle)

Dry 0.05 0.1 4.3 0.380

4.3 0.480

5.5 1.400

6.7 2.800

0.1 10.9 9.600

1 4.9 0.540

10 9.500

15.1 24.000

20.2 54.000

26.2 170.000

6 7.3 3.100

d .9.3 5.600

11.1 1.0.700

13.9 15.800

18.7 46.000

20.8 100.000

Dry 0.05 6 25.2 170.000

Notes: 1. Compact tension specimen

2. Ref. Fig. 33 in Volume I report [22].
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TABLE B-2 da/dN VERSUS AK RESULTS FOR 7075-T7651 ALUMINUM
IN 3.5% NaCI SOLUTION AT ROOM TEMPERATURE
(R = 0.05, f = 1 HZ, 3 HZ, 6 HZ)

ENVIRONMENT R FREQ. A K da/dN x 106

(HZ) (ksi-ln) (In./Cycle)

3.5% NaCI 0.05 1 7.58 2.4

9.09 10.0

10.61 23.0

12.84 40.0

3 5.87 1.2

6.82 1.8

13.18 30.0

14.77 40.0

17.80 70.0

23.86 150.0

3 28.03 160.0

6 7.39 3.1
12.35 16.0

14.85 39.0

25.00 120.0

3.5% NaCi 0.05 6 27.65 140.0

Notes: 1. Compact tension specimen

2. Ref. Fig. 35 in Volume I report [22].
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With m 1 and C 1 defined, the constant C2 was determined

using applicable 3.5% NaCi crack growth data and a least

squares fit procedure as follows.

(da/dN) e = C1 (4K)ml + C 2 (AK)
2  (B-7)

E 2 = - [(da/dN) e - C1 (AK)ml - C2 (AK) 212 (B-8)

In Eq. B-8, E 2 is the sum squared error. Taking the ;E2/4C2

and setting equal to zero, the following expression for C2 was

obtained,

C2 = (AK)2 (da/dN)e - C (AK)ml + 2 (B-9)

(4K)

The resulting mi, C1 and C 2 constants based on the proced-

ures described above are shown in Tables B-7 and B-8 for R =

0.05 and 0.30, respectively. Predicted (da/dN) values basede

on Eq. B-7 are also shown for the applicable AK values.

Experimental da/dN versus 6K results for R = .05 and 0.30

are plotted in Figs. B-5 and B-6, respectively. The solid line

represents the fit of Eq. B-7 to the applicable test results

and the dashed lines represent the data scatter. Since Eq. B-7

correlates fairly well with the experimental results in the AK

range considered, it is reasonable to assume that (da/dN) cf is

2a function of (AK) Further research is required to better under-

stand the effect of the R-ratio on (da/dN)cf.

B-20
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In Eq. B-5, the first two terms are considered to be the

most significant contributors to the crack growth rate for the

7075-T7651 aluminum alloy. Wei has suggested that the second

term in Eq. B-5, (da/dN) cf, is a function of (AK) 2 . The pur-

pose of this section is to evaluate the da/dN crack growth

results for 7075-T7651 aluminum from Volume I [221 and to

determine if (da/dN)cf depends on (AK) or not.

The da/dN versus AK results from Tables B-I through B-4

were evaluated as follows. Dry and wet results for the same

R-ratio were considered. For example, the results in Table B-I

(dry) and Table B-2 (3.5% NaCI) for R = 0.05 were considered

together to evaluate the possible dependence of (da/dN)cf on
2

(AK) . By the same token, the results in Tables B-3 and B-4

were used for R = 0.30.

The Paris crack growth model was used to define (da/dN)r

and dry air da/dN versus AK results were used to determine m 1

and C in Eq. 3-6.

(da/dN) = C1 (4K)ml (B-6)

The constants m1 and C1 were determined using dry air

crack growth data in a selected 4K range (i.e., 8-24 ksi -

Fn ). A AK range was used which included the applicable dry air

and 3.5% NaCl crack growth data for the same R-ratio. m, and

C1 were determined using a least squares fit procedure.

B-19
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These results, including the applicable C-ratios, are shown in

Table B-6. It should be clear that the C-ratio method provides

only an estimate of the effect investigated because the actual

variance of "m" for each data set is not considered.

The following conclusions are based on the results shown

in Tables B-5 and B-6: (1) the environment appears to have a

greater effect on da/dN as the R-ratio increases, and (2) the

R-ratio appears to have a greater effect on da/dN for 3.5% NaCI

than for dry air.

B.4 EVALUATION OF SUPERPOSITION CRACK GROWTH MODEL

Wei, et al [27] suggested that the environmentally-

assisted fatigue crack growth rate (da/dN) , is the sum ofe

three components.

(da/dN) e = (da/dN),_ + (da/dN) cf + (da/dN) scc (B-5)

In Eq. B-5, (da/dN)r = rate of fatigue crack growth in an inert

environment-representing the contribution of "purely mechan-

ical" fatigue, (da/dN) = the cycle-dependent contribution

requiring the synergistic interaction of fatigue and environ-

ment, and (da/dN) = contribution of sustained-load crack
scc

growth (e.g., stress corrosion cracking) at K levels above the

stress corrosion cracking threshold (Kiscc or Kscc).

B-17
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In Figs. B-i through B-4, the Paris model fit based on "m"

and "C" for a given data set is emphasized. A scatter band,

denoted by dashed lines (- - -), is also plotted with straight

lines parallel to the line based on unpooled data sets.

The following conclusions are based on Figs. B-i through

B-4: (1) the mean value precictions (solid lines), based on

the Paris crack growth model, fit the experimental results well

." for the four data sets considered, (2) the experimental crack

growth results for different loading frequencies are bunched

rclose together - indicating that there are no significant

effects of loading frequency on the crack growth rate, (3) as

expected, the da/dN variance was greater for the 3.5% NaCl

* solution then for dry air.

B.3 STUDY SENSITIVITY OF PARIS CRACI' GROWTH MODEL

PARAMETERS WITH RESPECT TO VARIOUS FACTORS

The sensitivity of the Paris crack growth model parameters

"im" and "C" was studied using the da/dN versus 4K data shown in

Tables B-i through B-4. The effects of the following factors

on m and C were investigated: (1) loading frequency, (2) envir-

. onnent, and (3) R-ratio.

Results for m and C are summarized in Table B-5 for vari-

ous cases. Also, the data sets were appropriately grouped to

focus attention on the particular effect to be investigated.

B-15
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5. Data sets with the same environment were pooled to

determine "m", the "C" was determined using results for a given

data set.

The Paris model constants m and C in Eq. B-I were deter-

mined using a linear least squares fit form of Eq. B-i as given

in Eq. B-4.

log(da/dN) = log C + m log(4K) (B-4)

Y B X

Results for m and C for the various cases studies are sum-

marized in Table B-5.

The da/dN versus AK results from Tables B-I through B-4

are plotted in Figs. B-i through B-4, respectively. To compare

the results for different loading frequencies different symbols

were used for each frequency. Three different Paris model fits

are shown for each figure: (1) "i" and "C" determined for an

individual data set and denoted by a solid straight line

,.. ( ), (2) "m" determined using results for the same R-ratio

and "C" determined using results for a given data set (denoted

by -), and (3) "m" determined using pooled results for

different R-ratios and environments and then "C" determined

using data for a given data set (denoted by

B-10
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The resulting constants m and C for the Paris model were

evaluated using dry air and 3.5% NaCl da/dN versus AK data and

least squares fitting procedures. For purposes of evaluating

the effects of R-ratio and environment, da/dN versus A results

for selected data sets are pooled to determine a common "m"

value in Eq. B-1. By imposing a common "m" value, the variance

in a given data set is reflected in a single parameter "C" .

Hence, the effects of environment and R-ratio can be estimated

by directly comparing the respective "C" values for selected

data sets. Data pooling procedures were used to evaluate m and

C for the following cases:

1. Results for a given data set were pooled to determine

Sf, then "C" was determined using results for a selected

loading frequency.

2. Same as (1) except "C" was determined using pooled

data for all loading frequencies in a given data set.

3. Data sets with the same R-ratio were pooled to deter-

mine "m", then "C" was determined using applicable results for

a given data set.

4. Four data sets were pooled to determine "m", then "C"

was determined using results for a given data set.

*B-9
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TABLE B-4 da/dN VERSUS AK RESULTS FOR 7075-T7651 A IMINUM
IN 3.5% NaCl SOLUTION AT ROOM TEMPERATUR
(R = 0.3; f = 0.1 HZ, 0.3 HZ, 1 HZ, 3 HZ 6 HZ)

ENVIRONMENT R FREQ. A K da/dN x

(HZ) (ksi-Jin (In./Cyc .)

3.5% NaCI 0.3 0.1 2.27 0.OE
4.65 1.6C
6.88 5.1C

0.1 9.42 40.OC
0.3 4.04 0.62

4.31 0.7C
5.35 2.3C

6.23 2.9(
7.35 l.0C
9.38 32.0C

0.3 12.31 80.OC
,:1 .0 4.42 i. 0c

". " ,5.38 1.9(
-' 7.38 16.0(
... ,; 9.62 40.0(I 10.65 60.OC

12.54 100. 0C
1.0 14.62 130 .0C
3.0 4.62 1.8C

5.35 3.0C
6.15 7 .5C
6.81 1o.oc

-"2 5 .0"...I8.21 25.0C

9.42 37.0C
11.42 58.0C
12.69 78.0C
13.50 80.0C

3.0 17.27 130.0C
6.0 4.42 1.9C

5.73 5.OC
6.15 8.5C
8.46 29. OC

12.62 69.0C
15.04 90.0C

3.5% NaCI 0.3 6.0 18.27. 120.OC

., Notes: I. Compact tension specimen

2. Ref. Fig. 36 in Volume I report [22].
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TABLE B-3 da/dN VERSUS AK RESULTS FOR 7075-T7651 ALUMINUM
IN DRY AIR (R = .30, f = 0.1 HZ, 1 HZ, 6 HZ)

ENVIRONMENT R FREQ. A K da/dN x 10
(HZ) (ksi--n) (In./Cycle)

Dry Air 0.3 0.1 4.75 1.52
5.74 2.51
6.25 3.11
8.49 7.28
9.91 11.20

12.20 23.80
14.21 37.20
16.19 76.10
17.92 100.00
20.99 217.00

0.1 23.34 355.00
1 5.09 1.43

6.69 3.20
7.69 4.90
8.35 7.79
9.55 10.50

10.49 13.80
12.50 20.00

1 16.31 54.40
6 4.63 1.05

5.46 1.41
6.00 2.08
7.41 4.67
9.39 10.20

10.34 13.30
13.29 30.00
15.85 55.00

Dry Air 0.3 6 23.97 184.00

Notes: 1. Compact tension specimen

2. Ref. Fig. 33 in Volume I report [22].
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da In2
= C (AK) m l + C2 (AK)
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. Fig. B-5 Two-Segment Crack Growth Model Fitted to da/dN
Versus AK Data for 7075-T7651 Aluminum in 3.5%
NaCI at Room Temperature (R = 0.05)

.4.'

I.-'

B- 23
. . .. . .

4..-~.44 ..-...-...- -.- . 4 4 -' . 4 4~ *



NADC-83126-60-VOL. III

da = CI(AK)ml + C2 (AK) 2
dN12e

m 1 = 3.528; C 1 = 3.558 x 10- 9

C =2.60 78 < AK < 24 ksi-4rTh
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FIG. B-6 TWO-SEGMENT CRACK GROWTH MODEL FITTED TO da/dN
VERSUS AK DATA FOR 7075-T7651 ALUMINUM IN
3.5% NaCI AT ROOM TEMPERPTURE (R = 0.30)
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B.5 EVALUATION OF FORMAU' CRACK GROWTH MODEL

The purpose of this section is to: (1) determine suitable

Forman model parameters, (C and n in Eq. B-3) to use to make

crack growth predictions in Appendix H and (2) evaluate the use

of the Forman model to make da/dN versus AK predictions for

different R-ratios.

Parameters "C" and "n" in Eq. B-3 were determined herein

for two different R-ratios (i.e., R = 0.05 and 0.3) and for

both dry air and 3.5% NaCI environments. A least squares

fitting procedure was used. The exponent "n" in Eq. B-3 was

determined with and without pooling of da/dN versus &K data for

different data sets. Data pooling procedures were used for two

reasons: (1) to obtain compatible "n" and "C" values for

different R-ratios and environments and (2) to provide a

rational basis for determining a "scaling factor" or "knock

down factor" for accounting for the effects of environment on

da/dN. Furthermore, C and n are cross-correlated parameters,

i.e., for a given n there is a corresponding C and vice versa.

By using data pooling procedures a common n value can be

obtained and hence, the scatter in the data can be reflected in

the single parameter C.

B-25
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Three different cases were considered:

o Case I - n and C parameters determined using the

da/dN versus AK data for a given data set

(i.e., given environment and R-ratio)

o Case II - n determined using pooled da/dN versus AK

results from Tables B-I through B-4; C

determined using pooled results for same

environment and two R-ratios.

o Case III - n and C based on da/dN versus AK results for

a given environment and R-ratio; results

used to predict da/dN versus AK for

different R-ratio.

In all cases a least squares fit procedure was used to compute

n and C.

Equation B-3 was transformed into a least squares fit

format as shown in Eq. B-10.

In da/dN + ln[(I-R)K - K], = in C +-n in AK (B-10)

Y B x

B-26
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The parameters n and C were determined using the well known

least squares fit equations given in Eq. B-iI and B-12,

respectively.

N -xy (ZX)(ZY) (B-l1)n=

2 (ZX) 2

C--n(B-12)
C exp Z Y x

In Eqs. B-li and B-12, N = number of samples in the fit; X and

Y are defined in Eq. B-10.

Parameters n and C for a given data set were determined

-sing Eq. B-il and B-12, respectively. A pooled "n" value was

determined using Eq. B-1l and the pooled da/dN versus AK

results for four data sets (Ref. Tables B-I through B-4).

UJsing th- pooled "n" value, the corresponding C values were

determined using Eq. B-l and the pooled results for the same

environment and two different R-ratios. The resulting C and n

values for Cases I-III are summarized in Table B-9.

Theoretical predictions for da/dN versus AK are compared

With experimental results in Figs. B-7 through B-10. Three

different curves are plotted in each figure and the resulting C

and n values used are noted. The basis for each of the three

cases (I-III) has been previously described.

B-27
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10-3

7075-T7651 Aluminum Alloy
Room Temperature
Dry Air
R-0.3 0

10-4-
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U, 7
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a f = IHZ
O f = 0.1 HZ

10 - 7  1

0 5 10 15 20 25 30

AK (ksi i-n. )

Fig. B-8 Forman Model Goodness-of-Fit Plots for da/dN
Versus AK (7075-T7651 Aluminum, R 0.3, Dry
Air Environment)
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10-3 .
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Fig. B-10 Forman Model Goodness-of-Fit Plots for da/dN
Versus AK (7075-T7651 Aluminum, R = 0.3,
3.5% NaCI Environment)
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The following observations and discussions are based on

the results shown in Figs. B-7 through B-10:

1. As expected, better overall fits were obtained for a

given data set when the C and n values in the Forman model were

fitted using the da/dN versus 4K results for that data set

(refer to Case I). However, there's no guarantee that the C and

n parameters based on one data set, for a given environment and

R-ratio, will be acceptable for predicting the da/dN versus dK

values for the same environment and other R-ratios (e.g., ref.

Case III plot shown in Figs. B-9 and B-10).

2. The C and n values for a given environment and R-ratio

were used to make da/dN versus 4K predictions for a different

R-ratio (Case III). C and n values were also determined using

a data pooling procedure (Case I). Overall, Case II

predictions for da,'dN correlated much better than Case III

predictions over theAK range of the data. Therefore, the data

pooling procedure is very promising for determining the C and n

parameters in the Forman model for applications to different

R-ratios.

B-33



NADC-83126-60-Vol. III

3. The data pooling procedure described herein is useful

for determining "compatible" C and n values for different da/dN

versus &K data sets. Also, since n is constant for the pooled

data sets, the resulting C values can be used to determine an

"environmental scaling factor" (ESF) for accounting for the

effect of the environment on da/dN. For example, an ESF can

be determined using Eq. B-13 and C values in Table B-9.

Cwet (B-13)

ESF =

C Dry

Then, (da/dN)wet is given by Eq. B-14.

(da/dN) wet = ESF* (da/dN)dry (B-14)

Using C wet = 8.551x10- 7 and Cdry = 4.722xl0- 7 (from Table B-9

for case III) and Eq. B-13, and ESF of 1.81 is obtained.
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o Test I.D.

o Data set number

o Specimen no. for each specimen a given data set

o Test results for TTCI, TTF, TFCG (i.e., TTF-TTCI) and

TTCI/TTF ratio

o The average TTCI, average TTF and average TFCG are

presented for each data set as well as the

corresponding coefficient of variation

o Fatigue crack origin for each specimen in a data set.

The information presented in Tables C-i and C-2 is

evaluated further in the following subsections.

C.3 BAR GRAPH PLOTS FOR TTCI, TTF AND TFCG

Test results from Tables C-I and C-2 are plotted in a

bar graph format in Figs. C-i through C-16. The average test

result and the high/low values in each data set are plotted

in a bar graph format. In Figs. C-I through C-16, an open or

solid circle denotes the average test results and the tic

marks at the ends of the horizontal bar denotes the high/low

test results considering all specimens in an applicable data

set. Data sets are identified by Test I.D. (Refer to Table 8

for description code). The number of specimens in a given

data set used to determine the average test result is noted

in ( ) above the symbol for the average value.
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APPENDIX C

EVALUATION OF CORROSION FATIGUE TEST RESULTS FOR

7075-T7651 ALUMINUM DOG-BONE SPECIMENS

C.1 INTRODUCTION

The purpose of this appendix is to: (1) summarize

7075-T7651 aluminum dog-bone specimen test results froft

Volume IV [24], and (2) evaluate test results to determine

the effects of selected test variables on TTCI, TTF and TFCG.

Test results are evaluated and plotted in various forms to

facilitate evaluating the effects of the test variables.

Statistical analyses of the test results are performed to

gain insight into the significance of selected variables and

their sensitivity.

C.2 SUMMARY OF DOG-BONE SPECIMEN TEST RESULTS

AND STATISTICAL PROPERTIES

Test results for 7075-T7651 aluminum dog-bone specimens

and useful statistical properties are summarized in Tables

C-I and C-2 for Tasks 5 and 6, respectively. The f 'lowing

information is presented for each data set tested:

-2
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The plots shown in Figs. C-i through C-16 are useful for

comparing the test results and extremes for a given data set

against other data sets. These plots provide a means for

qualitatively evaluating the effects of selected test

variables on TTCI, TTF or TFCG.

Plots for TTCI (a i = 0.010") are shown in Figs. C-I

through C-7 and plots for TTF are shown in Figs. C-8 through

C-i. The TFCG results are plotted in Figs. C-12 through

C-15. TTF results for different stress levels are plotted in

Fig. C-16.

In some cases, the results for different data sets were

pooled to determine the average result and the corresponding

high/low extremes. Data sets were pooled for a given

specimen configuration, loading spectrum and environment.

Applicable results for different loading frequencies were

pooled to compare with results for individual data sets and

to qualitatively evaluate the effects of Loading frequency

on the particular test result (i.e., TTCI, TTF or TFCG). For

example, in Fig. C-i test results for TTCI (ai = 0.010") for

data sets A-28/F/D and the A-28/S/D were pooled for two

different loading frequencies (i.e., F = Fast - 8000 flight

hours/2 days and S = slow = 8000 flight hours/16 days).

C-24
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C.4 DRY/WET RATIOS

Can the effects of the environment on TTCI, TTF, and

TFCG be "scaled" for 7075-T7651 aluminum? To address this

question the applicable experimental results for TTCI, TTF

and TFCG for both dry air and 3.5% NaCI ("wet") environments

from Tables C-i and C-2 were used to compute "dry/wet"

ratios. The results for the F-16 400-hour spectrum ("A") are

plotted in a bar graph format in Fig. C-1 7 and those for the

F-18 300-hour spectra (random ("B") and block ("C") are shown

in Fig. C-18. In all cases, the "dry/wet" ratios are based

on test results for the same: loading frequency, specimen

configuration, stress level and load spectrum.

C-25
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C.5 EVALUATION OF TTCI/TTF RATIO

Test results from Tables C-i and C-2 were used to study

the ratio of TTCI to TTF for selected data sets. The purpose

of this investigation was to study the statistics and sensi-

tivity of the TTCI/TTF ratio for different environments,

loading frequency, % bolt load transfer and load spectra.

Computed TTCI/TTF ratios and the corresponding statis-

tical information (i.e., mean, standard deviation and coeffi-

cient of variation) are presented in Tables C-3 through C-5.

Results are presented separately for dry air and 3.5% NaCI

environments for load spectra "A", "B" and "C" in Tables C-3,

C-4 and C-5, respectively.

The following observations are based on the results

presented in Tables C-3 through C-5.

1. The environment, loading frequency and % bolt load

transfer don't have a significant effect on the average

TTCI/TTF ratio for 7075-T7651 aluminum.

2. It appears that the load spectra and maybe stress

level have the greatest influence on the TTCI/TTF ratio.

C-28
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F = Fast Frequency = 8000 Flt. Hrs/2 days

S = Slow Frequency = 8000 Flt. Hrs/16 days
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Fig. D-1 Normalized Crack Growth Results (ai = 0.01") for
7 075-T7651 Aluminum Dog-Bone Specimens (Open Hole)
Tested Using: F-16 400 Hour Block Spectrum

(,GROSS = 28 ksi Max.), Dry Air Environment and
Two Loading Frequencies (FAST, SLOW)
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APPENDIX D

NORMALIZED CRACK GROWTH RESULTS FOR 7075-T7651

ALUMINUM DOG-BONE SPECIMENS TESTED UNDER

SPECTRUM LOADING

Experimental crack growth results for dog-bone specimens

are plotted herein. Most results are normalized to a crack

size of 0.010". In some cases reliable fractographic

readings could not be made at a crack size of 0.010". Back-

extrapolation to a crack size of 0.010" were possible in most

cases. However, in some cases reliable extrapolations to a

crack size of 0.010" were not possible. For this reason, and

to minimize the effects of scatter in the crack growth

results, a larger reference crack size was used in some cases

(e.g., ai=0.035").
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Further tests and evaluations are needed to better understand

the effects of bolt load transfer on the TTF in mechan-

ically-fastened joints.

7. The trends in the average TTF lives shown in Fig.

C-I are consistent with those observed in Fig. C-10 for the

F-18 300 hour (random) spectrum. For example, the average

TTF life for the open hole specimens tested in dry air

environment is larger than that for the 40% load transfer

specimens. Also, as expected, the open hole specimens tested

in a 3.5% NaCl environment had a shorter average TTF life

than comparable specimens tested in a dry air environment.

C-39
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significant effect on the average TTF lives for open hole

specimens tested under a dry environment and spectrum "A"

(Ref. Fig. C-8). However, preconditioned specimens tested in

the 3.5% NaCI environment showed considerably shorter average

TTF lives than those tested in the dry air environment.

4. Specimens tested with a clearance-fit bolt in the

hole for the dry air environment had a longer average TTF

life than open hole specimens for spectrum "A" (Ref. Figs.

C-8 and C-9). No significant difference was found between

the average TTF life for open hole specimens and for speci-

mens with a clearance-fit bolt in hole based on tests in a

3.5% NaCi environment.

5. No significant differences were observed in the

average TTF lives for open hole tested under fast and slow

loading frequencies and spectrum "B" (Ref. Fig. C-10).

6. The average TTF life for the open hole specimens

tested using spectrum "B" was longer than either the 20% or

40% load transfer specimens tested in dry air (Ref. Fig.

C-10). However, the effects of the load transfer on the

average TTF life are not clear because the average TTF life

for he 20% load transfer specimens was actually shorter than

for the 40% load transfer specimens. Based on our test

results, we cannot say with certainty that the average TTF

life decreases as the % bolt load transfer increases.

C-38
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average crack growth lives were observed for open hole, 20% load

transfer of 40% load transfer specimens. Test results were not

available for the case with no load transfer and a bolt in the

hole for direct comparisons with the 20% and 40% load transfer

results.

7. The average crack growth life for the 40% load

transfer specimens tested using spectrum "C" was not

significantly different than that for the open hole specimens

tested in dry air (Ref. Fig. C-15).

8. The 3.5% NaCl environment significantly reduced the

crack growth life for open hole specimens tested using

spectrum "C" (Ref. Fig. C-15).

C.6.3 Time-to-Failure (TTF)

The following observations are based on the results

plotted in Figs. C-8 thru C-Il.

1. No significant effect of loading frequency on the

average TTF life for either dry air or 3.5% NaCl environments

based on the open hole specimens and spectrum "A" (Ref. Fig.

C-8).

2. Testing in a 3.5% NaCl environment results in a

shorter average TTF life than when tested in a dry air

environment and spectrum "A" (Ref. Fig. C-8).

3. Specimen preconditioning did not seem to have a

C-37
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without preconditioning but tested in the same environment.

Preconditioning is intimately associated with the effect of stress

U enhanced corrosion and depends strongly on the environment, surface

condition and geometry.

4. Specimens with a clearance-fit bolt had slightly

longer average crack growth lives than open hole specimens

for both the dry air and 3.5% NaCl environments. The bolt

increases the crack growth resistance to some degree (Ref.

Figs. C-12 and C-13).

* 5. The average crack growth life for the open hole

specimens was considerably longer for the fast loading

frequency than for the slow loading frequency for the dry air

* environment (Ref. Fig. C-14). For example, the average crack

*growth life for B-28/F/D and B-28/S/D was 7772 flight hours

and 2637 flight hours, respectively (Ref. Table C-1). A much

smaller difference in the average crack growth results was

observed for the open hole specimens tested in a 3.5% NaCI

environment than for the dry air environment. For example,

B-28/F/W and B-28/S/W had an average crack growth life of

3579 flight hours and 3283 flight hours, respectively.

6. The effect of the % bolt load transfer on crack growth

life for spectrum "B" was not clear from the test results

S (Ref. Fig. C-14). For example, the average crack growth life

for open hole specimens tested under a dry air environment

was longer than that for the 20% load transfer specimens but

IL about the same for the 40% load transfer specimens. In the

3.5% NaCl environment, no significant differences in the

C-36
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C.6.2 Time-for-Crack Growth (TFCG)

The following observations are based on the test results

plotted in Figs. C-12 thru C-15.

1. No significant effect of loading frequency on the

crack growth lives for open hole specimens tested in a dry

air or 3.5% NaCl; environment and spectrum "A" (Ref. Fig.

C-12). Two frequencies were considered: F = fast and S =

slow.

2. Open hole specimens tested using the extra slow

loading frequency (s = 8000 flt hrs/90 days) had approxi-

mately one-half the average crack growth life as specimens

tested using the fast (F) or slow(S) loading frequencies for

spectrum "A" (Ref. Fig. C-12). The separate effects of long

term environmental exposure and slow loading frequency on the

average TTF life need to be studied further to clarify the

effects ot environment and loading frequency on TTF of

mechanically-fastened joints.

3. Specimen preconditioning did not have a significant

effect on the average TFCG life for open hole specimens tested

under dry air environment and spectrum "A" (Ref. Figs. C-12

and C-13). Preconditioned specimens tested in a 3.5% NaCl

environment had shorter average TFCG lives than specimens

C-35
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8. No significant differences in the average TTCI lives

were observed for the open hole specimens for Spectrum "B"

for either the dry air or the 3.5% NaCI environments. Two

frequencies were considered: Fast and Slow (Ref. Fig. C-5).

9. Loading frequency did not appear to have a

significant effect on the average TTCI lives for precondi-

tioned specimens for either the dry air or 3.5% NaCI environ-

ments for load spectrum "B" (Ref. Fig. C-5).

10. The average TTCI lives for the 20% and 40% load

specimens were shorter than for the open hole specimens sub-

jected to spectrum "B". Increasing the % bolt load transfer

from 20% to 40% did not significantly change the average TTCI

life for either the dry air or 3.5% NaCl environments (Ref.

Figs. C-5 and C-6).

11. The average TTCI life for the 40% load transfer

specimens in a dry air environment was shorter than that for

the open hole specimen for spectrum "C" (Ref. Fig. C-7).

12. The environment has a significant effect on average

TTCI lives for the open hole specimens for spectrum "C" (Ref.

Fig. C-7).
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3. The average TTCI life for the open hole specimens

under dry air and fast frequency was shorter than the life

for specimens with a clearance-fit bolt in the hole. In this

case, the bolt apparently increases the resistance to crack

initiation (Ref. Figs. C-i and C-3).

4. There was no significant difference in the average

TTCI life for the open hole specimen and the specimens with a

clearance-fit bolt (with 0% load transfer) for the 3.5% NaCl

environment (Ref. Figs. C-1 and C-3).

5. No significant effects of the loading frequency on

the TTCI life was observed for the specimens with a clear-

ance-fit bolt in hole for the 3.5% NaCl environment for the

fast (F) or slow (S) loading frequencies (Ref. Fig. C-3).

6. There was no significant difference between the

average TTCI lives for an open hole specimen and 20% or 40%

load transfer specimens tested in a dry air environment. In

this case, specimens with bolt load transfer did not have a

significantly different average TTCI life than the open hole

specimens (Ref. Figs. C-I and C-4). The average TTCI life for the

open hole specimens was approximately 54% of that for the zero

load transfer specimens with a bolt in the hole. As expected,

the presence of a clearance-fit bolt in the hole increased the

crack initiation life.

7. The test results suggest that the environment had a

greater effect on the average TTCI life than the three % load

transfer considered (i.e., 0%, 20% and 40%)(Ref. Figs. C-i

and C-4).

C-33
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C.6 CONCLUSIONS BASED ON DOG-BONE SPECIMEN TEST RESULTS

C.6.1 Time-to-Crack Initiation (TTCI)

The following observations are based on

the TTCI test results for 7075-T7651 aluminum dog-bone

specimens, three load spectra (i.e., "A", "Bu and "C") and

the results plotted in Figs. C-i thru C-7.

1. Loading frequency did not have a significant effect

on the average TTCI for the open hole specimen for either the

dry air or 3.5% NaCl environments (Fig. C-i). Three loading

frequencies were considered: F = fast = 8000 flight hours/

2 days; S = slow = 8000 flight hours/16 days; s = extra slow

= 8000 flight hours/90 days. As expected, the average TTCI

life was shorter for the 3.5% NaCl environment than for the

dry air environment.

2. The effect of specimen preconditioning on the

average TTCI life for open hole specimens is more significant

for the 3.5% NaCI environment than for the dry air environ-

. ment. For example, the average TTCI lives for the precon-

ditioned specimens tested under a 3.5% NaCI environment were

over three times shorter than for the specimens without

preconditioning (Ref. Figs. C-I and C-2).
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APPENDIX E

DESCRIPTION OF LOCAL-STRAIN COMPUTER PROGRAM (BROSE)

E.1 INTRODUCTION

The local strain analysis computer program described

herein was used to predict the time-to-crack-initiation

(TTCI) for various dog-bone specimen configurations.

Essential features and capabilities of the computer program

are briefly described herein and details are described in

Ref. 45. Example input/output is presented to show the

features of the program. A complete listing of the computer

program can be obtained from Dr. Y. T. Wu of the University

of Arizona.

A general purpose local strain analysis computer program

was developed by Dr. W. R. Brose as a M.S. thesis in the

Department of Theoretical and Applied Mechanics at the

University of Illinois. This program was later modified by

Scott Martindale and Yih-Tsuen Wu while graduate students at

the University of Arizona under Dr. Paul H. Wirsching. The

updated version of the local strain analysis program was

rehosted at General Dynamics/Fort Worth Division for use on

the VAX 11/780.

E-1
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E.2 PROGRAM CAPABILITIES

The local strain analysis program can be used to predict

the time-to-failure (TTF) or the TTCI in notches or fastener

holes where cyclic plasticity is a possibility. Also, the

program applies to either constant amplitude or random

loading. It also features two options for estimating the

local notch stress-strain behavior:

%(1) Neuber's rule [481 and (2) generalized Neuber's rule

proposed by T. Seeger and P. Heuler [501. The effects

of cyclic mean stresses on the TTF or TTCI can also

be accounted for. The rain-flow cycle counting scheme

is used for spectrum load history [e.g., 28].

A typical problem for predicting the TTCI in a fastener

hole using the local strain analysis approach is illustrated

in Fig. E.l. Typical input output for the computer program

is presented in Table E-1.

E.3 SUMMARY OF ESSENTIAL EQUATION USED IN LOCAL

STRAIN ANALYSIS COMPUTER PROGRAM

For reference purposes, the main equations reflected in

computer program BROSE are summarized below:

E-2
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P(t)

Crack initiated at point of
stress concentration where
material experiences cyclic
plasticity

P t) I
P(t)

Mean A &vA A A

Time

Fig. E-1 Typical Problem for Predicting the TTCI
in Fastener Hole Using the Local Strain
Analysis Approach
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Table E-l Typical Input/Output For Local Strain
Analysis Computer Programi (BROSE)

Summary of input Data

version 2: The load-strain relation is generated using Neuber's rule.

A cerrection for the affect of mecan stress Is employed
Numbor of terms In stress-strain range log

Material 7875-t7651 Aluminum Average Values (DRY)

Elastic Modulus (ksl) . 16355.

Fatigue Strength Coefficient (kst) a 247.5

Fatigue Strength Exponent an-0.1585

Fatigue Ductility Coefficient a.414

Fatigue Ductility Exponent a-1.2049

Cyclic Strength Coefficient w104.9

Cyclic Strain Hardening Exponent - 5.103

Data for Neuber's rule: Kt a 3.A38 F(IN"1-2) -1.0"a

Mean Stress Factor Km a 1.005

Simmary *3f Fatigue Life Predtcti-)ns

Version 2: T11 l.cad-strain relation Is Senerated using Neubor's rule.

A correction for the effect of mean stress Is employed

Material 7675-t7651 Aljmfnu-n Average Values (DRY)

Data *o 1.Nuber's rule: Kt = 3.435 F(IN'1-2) *1.4100

Hi3tory F-18 Fighter Spectrum

Load Scale Factor a 3S8.5050

Damage a 6.0386

Predicted Life In blacks a 25 89

Predictod Life fm~ cycles a ff.3892E*05

E- 4
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General Strain Life Curve

b c
= f (2N ) + E: (2N f)

a - f f f(E1E (E-1)

where 6 a = strain amplitude

E = Modulus of Elasticity

ar = Fatigue strength coefficient

b = Fatigue strength exponent

= Fatigue ductility coefficient

C = Fatigue ductility exponent

Nf = Number of cycles to failure or initiation

When the mean stress, 00o must be accou:-ed for use Manson's

formulation C83D given by Eq. E-2.

c/b

E L E m (2 Nf) b+ L m :_ 2Nf) ( c

In Eq. E-2, Km is the mean stress factor, equal to unity in

Morrow's model C84).
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N iber's Rule [491

The rule correlates nominal stress S and nominal strain

e and local stress-strain behavior.

oE= Kt Se (E-3)

where K= stress concentration factor

0= Local stress amplitude

If the gross deformation at the notch is elastic, Eq. E-3

becomes
2

"7-= K ( .. ) (E-4)

Generalized Neuber Rule by Seeger and H -Jler (501

Use Eq. E-5 when nonlinear net section behavior has to

be considered:

S= (S 2 K t2 /E) (e*E/S*) (E-5)

In Eq. E-5, e * = modified nominal strain and S* = modified

nominal stress

E-7
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Cyclic Stress-Strain Curve

/E + /K)(E-6)

where n' =cyclic stra in hardening exponent and K = cyclic

strength coefficient.

E-8B
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the corrosion fatigue tests performed in Phase II. TTCI

predictions were made for both Neuber's rule [48] and the

generalized Neuber rule proposed by Seeger and Heuler[50] for

*: spectrum "A" (F-16 400 hour block).

Local strain analysis results for different assumed

effective Kt values are summarized in Table F-1 for the F-16

400 hour block spectrum ("A") for both the dry air and 3.5%.

NaCl environments. TTCI predictions (a0 = 0.01") are shown

for the average as well as the 95% scatter band (referred to

as upper and lower bound TTCI predictions). Example computer

output for the strain life analysis are shown in Table F-2

and F-3 based on Neuber's rule and the generalized Neuber

rule, respectively. As shown in Table F-2, there were no

significant differences in the TTCI results for the two

versions of Neuber's rule.

Strain analysis results for TTCI based on selected

effective stress concentration factors are summarized in

Table F-4 through F-6 for load spectra "A", "B" and "C",

respectively. TTCI predictions are shown for both the dry air

and 3.5% NaCl environments for three different strain life

allowable curves, i.e., average and the 95% confidence

interval (Ref. Appendix A).

Normally, the same effective Kt values (assumed) should

be used for different load spectra in the strain life

analysis. However, in the case of load spectra "B" and "C"

F-4
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F.2 STRAIN LIFE ANALYSIS RESULTS

Strain life analyses were performed using computer

program "BROSE", described in Appendix E and Ref. 45.

predictions were made for TTCI (a = 0.01") for 7075-T7651
0

aluminum different effective Kt values, three load spectra

("A", "B" and "C"), and both dry air and 3.5% NaC1

environments.

Strain life allowables from Appendix A were used.

These allowables reflected the mean as well as the 95%

scatter bond extremes. Applicable strain life allowables and

selected effective Kt values were used to predict the TTCI

mean and to estimate the extreme values (referred to as upper

and lower bounds). The TTCI predictions were used to

determine effective Kt versus TTCI relationships (in Section

F.3) for the three load spectra considered.

Strain-life analyses were performed using 0Net m 35.8

ksi (or 0aross = 28 ksi)* for each of the three load spectra

considered. CGross = 28 ksi is trhe baseline stress used for

*Maximum gross stress in the spectrum. The more usual

practice specified o as the "design stress" and the
gross

maximum value is scaled by an "overload factor" in the

spectrum.

F-3
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APPENDIX F

CORROSION FATIGUE CRACK INITIATION ANALYSIS DETAILS

F.1 INTRODUCTION

The corrosion fatigue ,CF) crack initiation methodology

recommended for application to the 7000-series aluminum alloy

in the over-aged condition is described in Section 5.3 and

essential details are given in Fig. 15. In this Appendix,

further details and insight are given about implementing the

CF crack initiation methodology. Specifically, the following

details are presented in this Appendix: (1) strain life

analysis predictions are presented, including typical output

from computer program "BROSE", (2) how to determine an

effective K versus time-to-crack-initiation (TTCI)t

relationship, using a simple power law, based on the average

and extreme strain life allowables, (3) describe and

illustrate how to determine Kt(0) and t(LT), and (4)

illustrate how to determine the environmental scaling factor

for crack initiation based on constant amplitude fatigue test

results.

F-2
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preliminary strain life analysis results were available for

specific effective Kt values (i.e., 3.02, 3.18, 3.25 and

3.43). Therefore, these effective Kt values and applicable

strain life analysis results were used herein to establish

effective Kt relationships for load spectra "B" and "C" based

on Eq. F-i.

F.3 EFFECTIVE Kt RELATIONSHIPS

The relationship between effective Kt and TTCI is

needed to: (1) scale or tune the initial strain life

predictions for TTCI (based on smooth, un-notch strain

controlled data) using dog-bone test results, and (2) make

TTCI predictions for different dog-bone specimen

configurations.

Two suggested ways to determine the effective Kt and

TTCI relationship are: (l) simply plot the results of the

strain life analysis (i.e., effective Kt versus TTCI) and

,-% determine the desired relationship graphically and (2) use a

suitable empirical relationship and determine the constants

using the strain life analysis results (e.g., Table F-i).

F- 15
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The simple power law relationship for effective Kti

given in Eq. F-i,. worked very well for the three load spectra

considered under this program. In Eq. F-I, A and B are

empirical constants.

Effective Kt = A(TTCI) (F-i)

Strain life predictions for assumed effective stress

concentrations (e.g., Table F-I) can be used to evaluate the

constants A and B in Eq. F-i.

Equation F-I was transformed into a linear least square fit

form by taking the log of both sides of the equation. The

constants A and B in Eq. F-I were determined for both dry air

and 3.5% NaCI enviroiments and for three load spectra using a

least squares fit procedure. A and B values were determined

using the strain life analysis results based on the average

and extreme (i.e., upper and lower bounds) strain life

allowables (Ref. Appendix A). The resulting A and B

constants in Eq. F-i are summarized in Table F-4 through F-6

for load spectra "A", "B" and "C", respectively. Effective

K versus TTCI (a0 = 0.01") predictions from Table F-i are

plotted in a in-ln format in Fig. F-i and F-2 for dry air and

3.5% NaCl environments, respectively. Similar plots were

F-16
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" made for load spectra "B" and "C". In all cases, an

excellent fit was obtained using Eq. F-I. The results shown

in Tables F-4 through F-6 were used to "tune" or scale the

strain life analysis using actual dog-bone specimen spectrum

fatigue test results from Volume IV [24].

F.4 STRAIN LIFE ANALYSIS SCALING

The strain life analysis needs to be scaled or tuned to

dog-bone specimen test results (for a baseline joint

configuration, e.g., open hole case) for a baseline load

spectrum ("A") and environment (e.g., dry air). This step is

essential before TTCI predictions can be made for a different

set of conditions (e.g., stress level, load spectra, % bolt

load transfer) . The baseline scaling factor for the open

hole case is denoted as K t(0).

A method is illustrated in this section for scaling

the strain life analysis results for a given load spectra.

Also, it will be shown that the scaling factor Kt(0), is

independent of the load spectra and environment.

F-19
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scaling factors can be determined using the applicable

effective Kt versus TTCI relationship (Tables F-4 through

F-6) and the TTCI test results (i.e., average, low and high)

for selected dog-bone specimen data sets (Tables F-7 through

F-9). For comparison purposes, test results for the same

loading frequently will be used.

The low, average and high TTCI (a0 = 0.01") test

results for selected data sets are summarized in Table F-10

for three load spectra. These values were obtained from

Tables F-7 through F-9. The baseline scaling factor, Too),

for each data set is obtained by substituting the applicable

TTCI test results (i.e., low, average or high) in Eq. F-1 and

using the applicable A and B constants from Tables F-4

through F-6. For example, the scaling factor for the

A-28/F/D (open hole, spectrum "A", fast freq., dry) data set,

based on the average TTCI result of 13,200 flight hours, is

SF = 4.842(13.2)- 0 "159 = 3.21. The constants A = 4.842 and B

= -0.159 were obtained from Table F-4. The resulting scaling

factors for various experimental data sets are summarized in

Table F-10 for the dry air and 3.5% NaCl environments for

three load spectra.

The following observations are based on the results

summarized in Table F-10:

1. Environment does not have a significant effect on

F- 20
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the scaling factor, K t(0) for the aluminum alloy considered

(7075-T7651). For example, compare the scaling factors based

on the average TTCI results for the dry air (D) and 3.5% NaCI

(W) environments. There is no significant difference in the

Kt(0) values for the three load spectra considered.

2. Since the scaling factc- is independent of the

environment (dry air and 3.5% NaCl) , this supports the

conclusion that there is no significant synergistic effect of

the environment on crack initiation for this alloy (i.e,

7075-T7651 aluminum).

F.5 EFFECTIVE t(LT) FOR BOLT LOAD TRANSFER

To account for the effects of bolt load transfer in the

strain life analysis predictions for TTCI, the baseline

effective stress concentration factor t(0), is scaled up.

This scaled up Kt(0) value denoted by Wt(LT), can be

estimated using Eq. 11 in subsection 5.3.5. Procedures are

illustrated in this section for determining: (1) KO) and

K,(LT) in Eq. 11 and (2) Kt(LT) for 20% and 40% load transfer

cases.

F-25
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K?0) and K,.(LT) values were "estimated" for four

specimen configurations (i.e., open hole, 20% LT, 40% LT and

100% LT). Detailed procedures are given in subsection 5.3.5.

The results are based on W = 2.00", d = 0.4375", a- = 28 ksi

(same baseline stress used in Phase II test program),

7075-T7651 aluminum and LT = 0, 0.2, 0.4 and 1.0. The

following values for n' and K were used in Eq. F-13: n' =

0.103 and K = 104.9 (Ref. Appendix A). KQ.(LT) values

obtained and the resulting KC-(LT)/K(0) ratios are

summarized in Table F-i. The K (LT)/K T (0) ratios were

used in Table 12 to compute the Kt(LT) values needed to make

TTCI predictions for various dog-bone specimen

configurations.

Scaling factors, K-t(LT), are presented in this section

for calibrating the strain life analis. for particular

dog-bone specimen configurations (i.e., open hole, LT = 0.2,

0.4 and 1.0). The results herein were used to make TTCI

predictions for selected dog-bone specimen geometries and %

bolt load transfers (see subsection 5.7.2). The scaling

factors account for the effects of bolt load transfer in the

strain life analysis. The objective is to determine the

scaling factor for a given baseline spectrum for the open

hole case - then modify the scaling factor to account for the

effects of bolt load transfer.

Scaling factors for Kt(LT) are summarized in Table F-12

F-26
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Table F-12 Surmmary of Kt (LT) Scaling Factors for
Strain Lfe Analysis Predictions for

TTCI

K L) K (LT)

SPECIMEN BASELINE T K (LT) K K (0 )*K (LT)

CONFIGURATION SPECTRUM K7 (0) K (0)

OPEN HOLE "A" 1.000 3.12

20% LT 1.038 3.24

40% LT 1.066 3.32

100% LT _ _ 1.133 3.53

OPEN HOLE "B" 1.000 3.02

20% LT 1.038 3.13

40% LT 1.066 3.22

100% LT 1.133 3.42

OPEN HOLE "C" 1.000 2.94

20% LT I 1.038 3.05

40% LT 1.066 3.13

100% LT 1.133 3.33

Note: K (LT) values are shown for load s-ectra "A," 'B"

and "C." In most cases results for deter-1inna
(0) will be available for only the baseline

environment (e.g., dry air), geometry and load
spectrum. K (LT) values are shown here for all
three spectra because we want to show that
reasonable TTCI predictions for one load snectrum
can be made using the baseline K (0) value basedt
on another load spectrum.

F-28
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Table Z-l Load Summary for the F-16
400 Hour Spectrum "A"

No. of

Load Points/8000

MAX LOAD % MIN LOAD % Flight Hours

-35.00 -30.10 60
-30.00 -25.10 0
-25.00 -20.10 60
-20.00 -15.10 80
-15.00 -10.10 200
-10.00 -5.10 440
-5.00 -0.10 3684
0.00 0.00 10187
5.00 0.10 2880

10.00 5.10 59360
15.00 10.10 312566
20.00 15.10 920
25.00 20.10 3780
30.00 25.10 81300
35.00 30.10 100222
40.00 35.10 39024
45.00 40.10 66050
50.00 45.10 16526
55.00 50.10 35585
60.00 55.10 18770
65.00 60.10 1700
70.00 65.10 8980
75.00 70.10 1950
80.00 75.10 551
85.00 80.10 640
90.00 85.10 0
95.00 90.10 208
100.00 95.10 24

H-2



NADC-83126-60-Vol. III

APPENDIX H

LOAD SPECTRA DESCRIPTIONS AND COMPARISONS

Three load spectra were used to test 7075-T7651 aluminum

dog-bone specimens in Phase II: (1) F-16 400 hour (hi-lo

block) , (2) F-18 300 hour (random), and (3) F-18 300 hour

(hi-lo block). These load spectra, referred to as spectrum

"A", "B" and "C", respectively, were also used to perform

corrosion fatigue analysis predictions for TTCI (a. = 0.01")

and TFCG. The purpose of this section is to describe the

three load spectra used for this program.

The F-16 400 hour (hi-lo block) spectrum "A", a

wing-root bending spectrum, has been used extensively at the

General Dynamics, Fort Worth Division, for F-16 preliminary

development tests and other structural research programs

[25,26]. Maximum and minimum percent loads versus number of

load points per 3000 flight hours are summarized in Table H-I

for this spectrum.

An F-18 300 hour spectrum, a modified wing spectrum, was

provided by the Naval Air Development Center (Warminster, PA)

for this program. Maximum and minimum percent loads versus

number of load cycles per 300 flight hours are shown in Table

H-2 for this spectrum (referred to as "NADC"). The maximum

compressive load in this spectrum was limited to the same

percentage of the maximum tension load as that for spectrum

H-b
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TABLE G-2 DESCRIPTION OF STANDARD STRESS INTENSITY FACTORS

SUBBT Number Description

1 Constant Front Face Correction (Input Value)
2 Front Face Correction - Kobyashi's Equation
3 Back Face Correction - Newman's Equation
4 Newman's Combined Front and Back Face Correction - Tension
5 Newman's Combined Front and Back Face Correction - Bending
6 Part-Thru Flaw Finite Width Correction
7 Thru-Thickness Flaw Finite Width Correction
8 Part-Thru Flaw Emanating From A Fastener Hole - Tension
9 Part-Thru Flaw Angular Correction

10 Back Face Correction For Crack At A Hole
l LPart-Thru Flaw Emanating From A Fastener Hole- Bearing
12 Correction for Double Part Thru Crack At A Hole
13 Thru-Thickness Flaw At A Hole - Tension
14 Thru-Thickness Flaw At A Hole- Bearing
15 Corner Crack Correction - LIU's EQ
1 Constant Multiplier (Input Variables) Tc Surface Or Depth
17 GKT - Exponential Correction

18-20 Input Tabular Correction
21 Edge Crack Correction (Tada)
22 Newman Finite Width - Part Through ?'.aw At A Hole

G-5
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TABLE G-I DESCRIPTION OF STANDARD GEOMETRY TYPES

ICASE Specific Factors General Structurnl Arrngement

Number Combined - Table G - 2 Description

1 1,3,6 Part-Thru Surface Flaw
(Constant Front Face Correction)

2 2,3,6 Part-Thru Surface Flaw
(Equation Front Face Correction)

3 4,6 Part-Thru Surface Flaw
(New man-Tension)

4 5,6 Part-Thru Surface Flaw
(New man-Bending)

5 7 Thru Thickness Surface Flaw

6 l,8,9,10,12,22 Corner Flaw At A Hole
(Tension)

7 1,9,10,11,12,22 CornerFlaw At AHole
(Searing)

1,8,9,10,11,2,22 Corner Flaw At A Hole
(Tension - Bearing)

9 7, 13 Thru Thickness Flaw At A Hole
(Tension)

10 7,14 Thru Thickness Flaw At A Hole
(Bearing)

11 7. 13,14 Thru Thickness Flaw At A Hole
(Tension - Bearing)

12 8,15 Corner Flaw At An Edge

13 21 Thru-Thickness Flaw At An Edge

14 Combination of Any Input Case (Part-Thru Flaw)
Input Values (Does Not Transition)

15 Combination of Any Input Case (Thru-Thickness Flaw)
input Values

G-4
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Standard crack geometry types and stress intensity

factors available are shown in Tables G-1 and G-2,

respectively. The program accounts for the transition of a

part-through crack to a through-the-thickness crack.

A superposition method [92,931 is used to determine the

stress intensity factor for through-tension stress and for

bolt hole bearing stress combinations for both part-through

and through-the-thickness cracks in a fastener hole. Refer

to subsection 5.4.6, Eq. 14 and Fig. 19 herein for further

details.

Either a magnetic tape or cards can be used to input the

load spectrum. Example output from the RXN crack growth

computer program is shown in Table G-3. Refer to Ref. 67 for

further details.

G-3
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APPENDIX G

DESCRIPTION OF ANALYTICAL CRACK GROWTH

COMPUTER PROGRAM RXN

A general purpose analytical crack growth program,

developed by General Dynamics, was used to make corrosion

fatigue crack growth predictions for mechanically-fastened

joints under this program (Ref. Sebsection 5.7.3). This

state-of-the-art crack growth computer program (RXN) has been

used extensively at the General Dynamics/Fort Worth Division

for durability and damage tolerance analyses [e.g. 64, 65]

A brief description of the RXN computer program and

capabilities are given in this appendix and details are

documented elsewhere [67].

RXN is a deterministic crack growth (Fig. G-1) program

with several capabilities and user options. For example, the

user has four retardation procedure options: (1) zero-

retardation, (2) Wheeler retardation, (3) Modified Willenborg

retardation and (4) Rockwell retardation (acceleration). The

following options for computing the crack growth rate are

available: (1) Paris, (2) Forman, (3) Modified Forman,

(4) Walker-Kmax, (5) Interpolation of tabular input, (6)

Walker-AK and (7) Rockwell-Chang.

G-1
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a fastener hole in a dry air and 3.5% NaCl environment,

respectively.

Environmental scaling factors for comparable data sets

are summarized in Table F-13. An average ESF of 2.11 was

V" obtained for all the data sets combined in Table F-13 and the

C.O.V. was 33.2%. The 95% conficence interval for the mean

ESF ranged from 1.46 to 2.76. This is very interesting,

because an average ESF of 2.08 and 95% confidence interval

for the mean ESF ranged from 1.38 to 2.78 based on spectrum

,- fatigue test results (see subsection 5.7.2.2).

F-31
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air).

The basic objective of this section is to determine the

average ESF and to estimate the 95% confidence interval using

*constant amplitude fatigue data. How does the resulting ESF

*based on CF crack initiation results compare with the ESF

based on spectrum fatigue crack initiation and crack

. 'propagation results? The ESF determined herein was used to

make TTCI predictions for a 3.5% NaCI environment based on

the predictions for a dry air environment (see subsection

5.7.2, case IV).

Considerable data have been acquired under this program

for determining the effects of a 3.5% NaCl environment on

crack initiation in fastener holes for 7075-T7651 aluminum

• . (e.g., Ref. Vol. I and Vol. IV). Selected constant amplitude

test results for dog-bone specimens with a center open hole

for both dry air and 3.5% NaCl environments were used to

determine the ESFs. The environmental scaling factors were

determined using test results from Volumes I and IV for the

same loading frequency and comparable stress levels. The

environmental scaling factors were based on Eq. F-2,

(Ave. Ni)dry (F-2)
* ESF =

(Ave. Ni)wet

where: (Average N.Odry and (Average Ni)wet is the average

number of cycles (or reversals) to initiate a 0.01" crack in
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for uh - load spectra. These factors are based on the

average scaling factor for the dry and 3.5% NaCI environments

shown in Table F-10, the KT(LT)/KT(0) ratios of Table F-I

and Eq. 11. For example, the K (LT) values in Table F-12 for
t

baseline -pectrum "A" were determined as follows. The

average Kt (0) for the open hole case, based on A-28/F/D (dry)

and A-28/F/W (3.5% NaCI) data sets, is (3.21 + 3.02)/2 = 3.12

(see Table F-12, top value in last column). Then, the Tt(LT)

values for the other bolt load transfer cases were determined

using Eq. 11 as follows: (1) 20% LT; Tt(LT = 0.2) = 3.12 x

1.038 = 3.24, (2) 40% LT; (LT = 0.4) = 3.12 x 1.066 = 3.32

and (3) 100% LT; Rt(LT = 1.0) = 3.12 x 1.133 = 3.53. Tt(LT)

values for load spectra "B" and "C" were determined in a

similar manner.

F.6 EVALUATION OF ENVIRONMENTAL SCALING FACTORS

FOR CRACK INITIATION

Environmental scaling factors (ESF) based on constant

amplitude fatigue test results from Volume I [221 are

presented in this section. The ESFs are based on CF crack

initiation results for 7075-T7651 Alumunim fatigue tests and

two environments (i.e., dry air and 3.5% NaCI). If there is

no significant synergistic effect between the

mechanical-loading and environment, then it will oe feasible

to estimate the TTCI for a wet environment (e.g., 3.5% NaCl)

based on the TTCI prediction for a baseline environment (dry

F-29
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Table H-2 Load Summary for the NADC F-18

Spectrum ("NADC")

~10.
MAX LOAD MIN LOAD % CYCLE

100.00 0.00 3
100.00 20.00 3
100.00 30.00 1
90.00 -20.00 1
90.00 0.00 10
90.00 10.00 1
90.00 20.00 7
90.00 30.00 1
80.00 -30.00 1
80.00 -10.00 4
80.00 0.00 15
80.00 10.00 16
80.00 20.00 20
80.00 30.00 5
70.00 -20.00 1
70.00 -10.00 4
70.00 0.00 51
70.00 10.00 43
70.00 20.00 46
70.00 30.00 17
70.00 40.00 1
60.00 -20.00 6
60.00 -10.00 20
60.00 0.00 139
60.00 10.00 127
60.00 20.00 91
60.00 30.00 6
50.00 -30.00
50.00 -20.00 5
50.00 -10.00 33
50.00 0.00 202
50.00 10.00 L90
50.00 20.00 54
40.00 -20.00 2
40.00 -10.00 32
40.00 0.00 -29
40.00 10.00 67
30.00 -20.00 6
30.00 -10.00 29
30.00 0.00 103
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"A" so that the dog-bone specimens could be fatigue tested in

load frames without special lateral support.

Two different load history simulations of the "NADC"

load spectrum were used to investigate the possible effect of

loading sequence. The two variations of the "NADC" spectrum

were: (1) loads were randomized into a 300 hour hi-lo block

(referred to as spectrum "B") and (2) loads were formatted

into a 300 hour hi-lo block using the same format used to

define the F-16 400 hour (hi-lo block) spectrum ("A"). A

summary of the maximum and minimum percent loads versus

number of load cycles per 300 flight hours for load spectra

"B" and "C" is given in Tables H-3 and H-4, respectively.

Due to the different load history simulation methods used,

there are small variations in the actual load exceedances for

load spectra "B", "C" and "NADC". For example, in Table H-5

load exceedances per 300 flight hours are shown for selected

% maximum load levels for the load spectra "B", "C" and

"NADC".

For comparison purposes, the exceedances for load

spectrum "A" were put on the same baseline as those for load

spectra "B", "C" and "NADC". The exceedances for load

spectrum "A" were estimated assuming two load points per

loading cycle. Exceedances per 300 flight hours are shown in

Table H-5 for the three load spectra considered in this

program.

H-4
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Table H-3 Load Summary for the F-18 300 Hour
Spectrum ("B")

NO.
MAX LOAD % MIN LOAD % CYCLES

100.00 0.00 2
100.00 10.00 1
100.00 20.00 3
100.00 30.00 1
89.90 -10.00 1
89.90 0.00 6
89.90 10.00 7

- 89.90 20.00 10
80.00 -30.00 1
80.00 -20.00 1
80.00 -10.00 2
80.00 0.00 21
80.00 10.00 14
80.00 20.00 1380 s.00 30.00 5
70.00 -20.00 1
70.00 -20.00 11

70.00 0.00 52
70.00 10.00 43
70.00 20.00 41

" 70.00 30.00 11
70.00 40.00 1
60.00 -20.00 5
60.00 -10.00 16
60.00 0.00 151
60.00 10.00 143
60.00 20.00 68
60.00 30.00 8
50.00 -20.00 3
50.00 -10.00 15
50.00 0.00 270
50.00 10.00 139
50.00 20.00 54
50.00 30.00 1
40.00 -30.00 1

* 40.00 -20.00 2
40.00 -10.00 13

" 40.00 0.00 118
". 40.00 10.00 76

40.00 20.00 22
, 40.00 30.00 3

30.00 -20.00 1
30.00 -10.00 3
30.00 0.00 100
30.00 10.00 1
30.00 20.00 10
0.00 -20.00 7
0.00 -10.00 64
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Table H-4 Load Summary for the F-18 300 Hour
Spectrum ("C")

NO.
MAX LOAD % MIN LOAD % CYCLES

100.00 0.00 5
100.00 20.00 8
90.00 -20.00 1
90.00 0.00 10
90.00 10.00 4
90.00 20.00 1 7
90.00 30.00 1
80.00 -30.00 1
80.00 -10.00 4
80.00 0.00 15
80.00 10.00 16
80.00 20.00 20
80.00 30.00 5
70.00 -20.00 1
70.00 -10.00 4
70.00 0.00 51
70.00 10.00 43
70.00 20.00 46
70.00 30.00 17
70.00 40.00 1
60.00 -20.00 6
60.00 -10.00 20
60.00 0.00 139
60.00 10.00 127

* 60.00 20.00 91
60.00 30.00 6
50.00 -30.00 1
50.00 -20.00 5
50.00 -10.00 33
50.00 0.00 202
50.00 10.00 190
50.00 20.00 54
40.00 -20.00 2
40.00 -10.00 32
40.00 0.00 129
40.00 10.00 67
30.00 -20.00 6
30.00 -10.00 29
30.00 0.00 103
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Table H-5 Comparison of Exceedances per 300 Flight

Hours for Selected % Maximum Load for Load

Spectra "A", "B", "C" and NADC"

Exceedances/300 Flight Hours

% Maximum Load "A" "B" "C" "NADC"

91 4.4 7 13 7

81 16.4 31 36 27

71 44.5 88 97 88

61 264 248 260 251

51 1283 639 649 640

41 2831 1121 1134 1125

31 5542 1356 1364 1355

21 7037 1542 1502 1493

H-7
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In Table H-5, note that spectrum "A" has fewer

exceedances at the 91% maximum load level than either "B",

"C" or "NADC". However, spectrum "A" has a larger number of

load exceedances at the smaller % maximum load levels. For

example, at the 21% maximum load level, load spectrum "A" has

approximately five times as many load exceedances as the

other spectra shown in Table H-5.

Since spectrum "A" has fewer numbers of peak load

exceedances than the other spectra, this tends to minimize

the retardation effect for this spectrum. Moreover, spectrum

"A" has many more smaller load occurences than either spectra

"B" or "C". This further diminishes the retardation effect

because the large number of smaller loads promotes crack

growth through the plastic zone. As a result of the above,

spectrum "A" is more severe than either spectra "B" (random)

or "C" (hi-lo block). This observation is supported by the

experimental results obtained.

Although spectrum "B" and "C" ooth satisfied the overall

exceedance statistics for spectrum "NADC", spectrum "B" was

clearly more severe than spectrum "C". Test results of this

program clearly showed that loading sequence has an important

effect on CF crack propagation. As a result of the different

spectrum simulation methods used for spectra "B" and "C".

spectrum "C" had a few more peak load occurrences than either

spectrum "A" or "B". Overall, the exceedances for spectra

"B" and "C" compared very well. It is concluded that

H-8
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spectrum "B" is more severe than spectrum "C". Experimental

results for CF crack propagation bear this out.

Strip chart traces of the load history for the F-16 400

hour (hi-lo block), F-18 300 hour (random) and F-18 300 hour

(hi-lo block) spectra are shown in Figs. H-b, H-2 and H-3,

respectively.

The maximum gross stress for all dog-bone specimen tests

in Phase II was scaled to the "peak load" (i.e., overload) in

each load spectra rather than the nominal maximum spectrum

load. A baseline gross stress of 28 ksi was used for

spectrum fatigue tests under Task 6 of Phase II.

H
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Fig. H-2 Strip Chart Trace of Load History for
F-1.8 300 Hour (Random) Spectrum ("B")

Fig. H-3 Strip Chart Trace of Load History for
F-18 300 Hour (Block) Spectrum ("C")
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